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PREFACE 


We are already indebted to Jean Marcus for an excellent and comprehensive 
book on Frequency Modulation.* The author, who is an engineer constantly 
dealing with practical problems, showed in that book an admirable balance 
between the theoretical aspects of the subject, sometimes of a complex nature, 
and the problems associated with applications. 

This same point of view seems to have been Monsieur Marcus’s starting 
point in writing his new book on Radio Remote-Control and Telemetry and 
their Application to Missiles . 

The subject is as spectacular as it is difficult. 

The public throughout the whole world has heard with admiration the 
announcement of such achievements as the photographing of the hidden face 
of the moon, where the photograph was transmitted back in response to 
terrestrial commands. Everyone has followed day after day the accounts of 
the prodigious distances —measured in tens of millions of kilometres — over 
which an artificial satellite has transmitted the measurements made within it. 
In short, remote-control and telemetry have become headline news. 

The subject is, however, a difficult one. The “missiles” in question are 
usually military. Chapters such as those concerned with coding and jamming 
have been necessarily limited by restrictions on publication. 

For the same reasons, many interesting examples of the application of 
these techniques have had to be left unmentioned. Fortunately, the field 
remains large enough for us to be given a work which is well-documented 
and which will, it is believed, be useful to an audience of engineers and 
technicians, giving as it does a wide coverage of the missile field. 

One point which clearly emerges from this work —and the author himself 
emphasizes it in several places — is that there are no optimum and generally 
valid solutions to problems of the kind treated here. The constraints which 
the working conditions impose upon the systems usually oblige one to make 
a compromise, and many of the characteristics may be very far from their 
theoretical optimum values. Added to this is the fact that there are in general 
several ways of obtaining some desired characteristic, with results which may 
in practice be very different. The result is a series of partial compromises, be¬ 
tween bandwidth and redundancy, or between transmitter power, sensitivity 
and the type of aerial, for example. 

* La Modulation de Frequence , Theorie et Applications Industrie lies— (Editions Eyrol- 
les, Paris, 1960). 
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PREFACE 


The art of the engineer consists to a large extent in making these com¬ 
promises satisfactorily, by calculation wherever possible, but otherwise by 
intuition. In any event, it is only by studying the particular problem in hand as 
thoroughly as possible that one can arrive at a rational choice. 

In our opinion, a major virtue of such a book as this is that it gives a 
very full review of the different aspects of the practical data associated with 
this kind of problem, together with the basic details of the solution. 

E. Stauff 

Ingenieur en Chef de l’Air 
Directeur des Engins Speciaux 
a Nord-Aviation 



CHAPTER I 


GENERAL REMARKS 


During the last few years, considerable developments have been made in the 
design of remote-control and telemetry equipment. This expansion is closely 
linked to the upsurge of interest in missiles and space rockets. As soon as the 
distance between the object being guided and the controller becomes great, 
radio is the only possible means of control and this is especially true when 
the link is between the earth and space. 

In the present book, the main problems met with in remote-control and 
telemetry are brought out, together with various methods which have been 
used to solve them, in the field of missiles. 

It is felt that a recapitulation of the various types of modulation will be 
valuable, since it is basic to the subject and will enable the reader to follow 
this account of the subject without difficulty. 

The chapter on information and coding is intended as a means of gaining 
a logical grasp of the phenomena in general. This chapter is followed by a 
discussion of the limitations on information, and here the physical limits to 
which remote-control and telemetry devices are subject can be seen more 
exactly. 

In another chapter the problems of propagation and of aerials are treated; 
these are very important topics when the rocket is intended not only to reach 
very great distances, but to follow various different flight paths and attitudes. 

Armed with this information, we have devoted a chapter to multiplex 
techniques, applied in particular to remote-control and telemetry, with the 
object of providing the engineer with a practical technique. 

The two concluding chapters deal with devices for remote-control and 
telemetry and illustrate the methods and principles set out in the preceding 
chapters. 

Before attacking the problems of remote-control and telemetry proper, 
we ought first to define these subjects, and also, to place them in the larger 
field of interest which comprises guidance and the techniques associated 
with missiles. 

The first rockets were built in Germany during the Second World War; 
these were the V1 and the V2. Since that time, however, the study of missiles 
has become of considerable interest throughout the world, and the whole 
electronics industry has expanded and progressed at a remarkable rate as a 
result. 
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1.1. THE DIFFERENT TYPES OF SPECIAL MISSILE 

As can easily be imagined, radio techniques have to vary according to the 
different kinds of missile which are employed. Missiles can be classified in 
any of three ways —they can be distinguished by the ways in which they fly; 
or separated according to their actual type; or again, they can be classed by 
the function which they are to fulfil. 

In the first case, we should distinguish between stabilized missiles and 
missiles which turn on their axis. The spinning missile is usually small in 
dimensions, of short range, and travels through the air spinning about its 
axis like a rifle bullet. The stabilized missile, on the other hand, settles into 
a fixed orientation with respect to some reference direction—the direction of 
the force of gravity, for example —under the action of an automatic pilot. 

In the second case, the missile can be thought of conceptually —it is 
either a tactical and offensive missile or it is a target missile. The latter is a 
pilotless aircraft, the function of which is to replace an enemy aircraft, during 
firing practice; alternatively, it may take the place of a reconnaissance air¬ 
craft. 

In the third way of classifying these missiles, we consider the end for 
which they have been designed. They may thus be classified as target rockets, 
ground-to-ground (G.G.), air-to-air (A.A.), ground-to-air (G.A.), air-to- 
ground (A.G.), ground-to-sea (G.S.), sea-to-sea (S.S.) etc. Thus, for exam¬ 
ple, a G.G. rocket is launched from a terrestrial base, and should reach a 
target which also is terrestrial, whereas a G.A. rocket is fired from a terres¬ 
trial base but is aimed at an aerial target (an aircraft or another missile). 
This is the classification usually adopted by the French industry; it has the 
advantage of placing the designer in immediate contact with reality; it is 
inconvenient, however, in that a large number of different techniques is in¬ 
cluded in each class. A “ground-to-air missile” can equally well be stabilized 
or spinning about its axis, despite the fact that the technical problems are 
quite different. 

We have not yet listed certain types of missile which possess individual 
technical characteristics. I am thinking of very long-range projectiles, either 
ballistic or directed by radio; and of interplanetary rockets which have to be 
catalogued separately according to my classification. 

For the electronics engineer, a vital question has clearly to be answered: 
is the guidance to be secret or not? For the radio engineer, the aerodynamic 
conditions are very often not of prime importance. Rather, in some cases 
he will be obliged to decide whether a radio link is to exist at all, whether 
that is, the rocket is to be guided by radio or an internal programme. Here, 
jamming will have to be studied, and one must ensure also that the relevant 
consequences of the distance, the quantity of information and the secrecy of 
the communication are compatible. 
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1.2. THE MISSILE GUIDANCE PROBLEM 

When the missile is controlled from a control-room, the latter should be 
thought of as a link in the complete piloting chain. 

Remote-control, as its name infers, represents a collection of elements the 
overall function of which is piloting at a distance. Commands are to be con¬ 
veyed to the missile so that the latter may proceed in any way desired. The 
four basic commands are dive, climb, left and right. To these, we might add 
such others as the command to level out again, to detonate the warhead, to 
put the cameras in action, or the recording instruments, to make smoke, to 
set the homing or self-guiding head in action. 

These remote-controls always appear within the missile as the operation 
of a relay, the starting of a motor, or the appearance of a potential or a current 
in appropriate circuits. 

The means of piloting are three-fold: the remote-control may be conveyed 
along a wire, or contained in a programme, or transmitted by radio. 

When remote-control is established along a wire, the control-station and 
the missile are connected by a conducting wire which is progressively paid 
out as the missile moves further away. The remote-control instructions are 
transmitted along the line in the form of coded impulses, or as frequencies. 
Jamming can be said to be impossible, as there is no radio link between the 
control-post and the missile. 

When the remote-control has been programmed, the missile is fired bal- 
listically, and after a certain time has elapsed, the duration of which has been 
settled beforehand, the control system begins to act within the missile itself; 
for example, a magnetic tape on which all the characteristics of the desired 
flight have been recorded beforehand, may be started and dictate a series of 
instructions to a pick-up head. These commands are in the form of a voltage 
or of a series of pulses which are decoded inside the missile. Jamming is 
again impossible. 

Unlike remote-control by means of a wire, where the distances between con¬ 
troller and missile cannot exceed a few kilometres, programmed control im¬ 
poses no limit on this distance; the accuracy, however, is clearly less. Only 
the third case, remote-control by radio, remains, and it is with this case that 
we shall be particularly concerned in this book. An operator transmits the 
remote-control instructions by radio from a transmitting post; aboard the 
missile, a receiver decodes the signals into voltages which are applied to the 
different control units. Jamming is now a problem, and it is the minimizing 
of its influence which dictates the choice of the kind of multiplex link which 
is to be used. As we have just shown, remote-control represents the executive 
power of the guidance chain; we must, too, know how to control the missile. 
The latter requires tracking, either by radar or by means of a transmitter- 
responder device; this instrument provides the position coordinates, cartesian 
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or polar, of the missile and may, for example, trace them out with a pen- 
recorder. It is now a question of transmitting back to the control-post various 
parameters of the missiles in flight. An instrument which provides this in¬ 
formation is known as a ‘‘telemetry instrument” (an instrument which per¬ 
forms measurements at a distance). 

These data or more exactly, this information, is transmitted from the missile 
towards the guidance-post, and in this differs from the remote-control which 
originates in the control-post. Measurements made aboard the missile can 
provide values of pressure, temperature, level in the fuel tank and speed, for 
example. Such data are particularly valuable at the design stage. 

Telemetry can equally well give such indispensable information as altitude, 
distance at which the explosive charge goes off, or again it may tell us how 
well the remote-control commands are being passed on. 

Telemetry and remote-control have numerous points in common and it is 
for this reason that I have treated the two problems in a single book. The 
natures of the modulation, multiplex techniques and coding are the same, 
the influence of jamming is common to both, and the radio links obey the 
same laws. 

The essential differences lie in the fact that the positions of the transmitter 
and the receiver are reversed, and further, the mechanisms for handling and 
finally decoding the instructions in the remote-control apparatus are of a 
different nature from those which collect the measurements in telemetry. 
Remote-control and telemetry have in fact very special ends which are 
quite distinct. 

1.3. GENERAL REMARKS ABOUT THE REQUIREMENTS 
OF THE ELECTRICAL EQUIPMENT 

In remote-control and telemetry equipment, the transmission is distributed 
over a well-determined number of channels. To each channel corresponds 
either a command or a measurement. If these parameters are to be correctly 
transmitted, the bandwidth allotted to each channel must be sufficient for 
the signal not to be adversely affected. It is necessary also that the overall 
bandwidth should not be excessively large, in order to employ the frequencies 
involved to the best advantage, and to reduce the possibilities of jamming and 
interference to the minimum. This delicate problem will be studied in de¬ 
tail in the chapter devoted to multiplex systems. It is very clear that the type 
of multiplex system chosen must be suited to the information which is to be 
transmitted. The bandwidth must be relatively large if a fluctuating mea¬ 
surement is to be transmitted, as this is a rapid physical phenomenon; 
if a command is to be transmitted in yes-no form a long response-time can 
be tolerated and a much narrower bandwidth is adequate. 

If the transmission of information is to be secret, it must be coded in a 
fairly complicated way, and this implies an increase of bandwidth. We shall 
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see how these problems can be solved, either by frequency or by time multi¬ 
plex techniques. 

Suppose for the moment that the bandwidth and type of multiplex system 
have been chosen, the next stage is the choice of operating frequency range. 

The value of the carrier frequency is affected by several factors: the band¬ 
width which is necessary for the transmission of information, the dimensions 
of the missile and the aerials, the maximum distance from the control-post 
and the medium through which the missile travels. 

The carrier frequency should in general be at least ten times higher than 
the maximum R.F. bandwidth, as otherwise, the risk of distortion becomes 
appreciable. Quality factors of the order of at least fifty are acceptable. 

Further, the dimensions of the aerials carried by the missile cannot be 
settled without reference to the dimensions of the missile itself. It is not easy 
to employ a four metre aerial on a missile two metres long for aerodynamic 
reasons. In addition, missiles usually carry several relatively large aerials, and 
it is important, therefore, to ensure that the aerials are sufficiently independent 
for possible interactions which might have an unfortunate effect upon the 
instruments to be reduced to a minimum. 

The maximum distance at which the missile is to be controlled, or the 
maximum range, is one of the vital factors which determine the choice of 
carrier frequency. This maximum range depends upon the power of the 
transmitter, the gain of the aerials, the noise in the receivers, and the prop¬ 
agation conditions. If unlimited power were available at the transmitter, the 
other parameters would be negligible; but this is not at all the case. When 
the control-station is terrestrial, the problems of bulk and of supply are not 
major ones, and to a certain extent various ranges of power are at our dis¬ 
posal; but this is a very wasteful solution, since the losses in feeders and 
couplings increase with frequency. As for the power of the telemetry trans¬ 
mitters, which are situated in the missile itself, virtually nothing can be done. 
The space allocated to the electrical equipment in a missile is limited, and we 
are familiar with the result that the power is, roughly speaking, proportional 
to the volume available; these considerations thus provide a limit. The elec¬ 
tromagnetic energy can be concentrated into a tolerably narrow beam, but 
this requires directive aerials, and the higher the frequency, the more easily 
are such aerials obtainable. 

To ensure an adequate radio link, the power at the receiver must be greater 
than a certain threshold determined by the noise factor of the receiver. This 
threshold is low when the carrier frequency is low. For this reason, with a 
carrier frequency of lOOMc/s, the noise might be 4db, whereas for a fre¬ 
quency of lOOMc/s it would be 8*5 db. 

The propagation conditions also play their part in determining the choice 
of frequency. Attenuation of the transmission is more noticeable at higher 
frequencies. For preference, we should select higher frequencies for short- 
range links and low frequencies for longer-range transmissions. 
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When the missile travels at a great altitude, reflection at the ionosphere 
has to be taken into account. The losses, by reflection and refraction at the 
various layers surrounding the earth, are dependent upon the frequency 
selected. 

On the other hand if the missile flies at a low altitude, the nature of the 
terrain over which it passes must be taken into account. The losses by re¬ 
flection above the sea or a desert land mass are not the same as those which 
occur when the country is, for example, hilly. 

For a general idea of the frequencies which are usually adopted, a few 
numerical values are given. 

In most applications, for short-range telemetry of large capacity the fre¬ 
quency band bounded by 1365 and 1660 Mc/s is employed; when long-range 
telemetry is to be performed, either the band 225-260 Mc/s or the band 
132-150*8 Mc/s is employed. 


1.4. THE SOURCES OF ERROR AND THEIR EFFECTS 

The limitations inherent in different systems are of two kinds: random 
errors and systematic errors. 

Among errors of the first type are noise due to fluctuations and pulses, 
jamming, distortions and intermodulations. 

The phenomenon of noise is inherent in the very nature of any circuit 
(particularly of input circuity), in the frequency bands which are used and in 
the ambient temperature, and random noise can result from external sources. 

The jamming may be systematic or simply intermittent; in either case, we 
arrive at the same conclusions, namely, that to reduce its influence, the 
bandwidth of the receiver must be reduced and the information to be trans¬ 
mitted must be coded as thoroughly as possible. 

The distortion phenomenon is related to the non-linearity of the circuits, 
and in particular, to those of the frequency modulators and demodulators; 
we should distinguish between amplitude and phase distortion. 

Among the random errors, there remain only those produced by inter¬ 
modulation or cross-modulation —I am thinking in particular of the cross¬ 
modulation which may arise from possible overloading. 

To these random errors must be added the various sorts of systematic 
error. 

In remote-control and telemetry system, we often find ourselves re¬ 
stricted by “threshold”. Eloquent enough examples are the minimum trig¬ 
gering current of a relay, the sensitivity of a potentiometer, and the thickness 
of the trace of a photographic recording. But apart from these quantities 
which cannot be reduced below a certain limit, there are the limitations of the 
accuracy of the electronic components, for example a quartz oscillator gives 
a frequency stable to within one part in 10 5 . 
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Drift is a source of errors which form another category of systematic errors; 
studying this as a function of time gives a means of estimating the ageing of 
a component. In every system, it is vital that the drifts produced by variations 
of temperature, pressure, humidity and atmospheric conditions in general 
should be appreciated. These drifts are most important when the instruments 
are used in missiles which pass through a series of successive media in which 
the climatic conditions are very different. 

Finally, among systematic errors which are often omitted, we should re¬ 
member the influence of the human operator who, at some stage or another, 
makes an appearance in the guidance chain. 

When a system is being designed, we must discover the natural bounds by 
which we shall be limited. Above all, the order of magnitude of these bounds 
should never be lost sight of; this will keep our ideas realistic. 


1.5. LIMITATIONS OF WEIGHT AND BULK 

Inside the missile, considerations of weight and volume are critical ones; 
they, of course, limit the performances of the electronic systems in the in¬ 
struments. Building the components on a miniature scale often results in our 
having to choose high frequencies, and in the development of constructional 
methods specially adapted to this problem; examples are the technological 
advances in printed circuit construction, and the introduction of transistors 
into the units. The ever present restrictions on bulk often oblige one to select 
some material which may sometimes only be indifferent from the electronic 
standpoint. 

Taking all these factors into consideration, therefore, it is clear that we 
shall have to regard the instruments to be carried aboard the missile from a 
very special standpoint. The radio engineer working on the problems with 
which these missiles confront him, cannot but occasionally show a preference 
for the simplest solution rather than the solution which seems theoretically 
perfect. 



CHAPTER II 


THE DIFFERENT TYPES OF MODULATION 


The engineer must be guided in his choice of modulating system by the 
goal which he plans to achieve. The reasons for his choice will be dictated by 
certain characteristic quantities, for example-the range of frequencies in¬ 
volved, the linearity of the modulating and demodulating devices, the power 
which is available, the ease of construction and the signal-to-noise ratio. 

In this Chapter, an overall view is attempted of the different types of mo¬ 
dulation which are in regular use, and their characteristics are compared with 
those of amplitude modulation, which is used as a standard for reference. 
The question of the signal-to-noise ratios will be considered in the chapter 
devoted to noise, where it fits in naturally. 


II.l. AMPLITUDE MODULATION (AM) 


II. 1.1. Analytic Expressions and General Characteristics 
II. 1.1.1. Analytic Expressions 

We consider a pure carrier wave, the analytic expression for which is of 
the form 


j{(O 0 t + <p) 
C 9 



<p is a phase constant. 


A wave which has been modulated in amplitude can be expressed in a 
general way by a function of the form 

V(t) = V 0 f(t) e-' (a,0,+ ” ) 

in which 

f{t) = 1 + ms(t). 

s(0 represents the modulating signal which is to be transmitted. The coeffi¬ 
cient m is the modulation index. When the signal is sinusoidal we have 

^•(0 = cos {Qt + y>) 


8 
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and the modulated carrier wave takes the form 

V(t) = V 0 [\ + m cos {Qt + ip)] cos (a) 0 t + (p ). (II. 1) 

When the modulation index is unity, (m = 1), the carrier wave is said to 
be 100 per cent modulated. 

Equation (II. 1) can be written in the following way: 

TYl F 

V(t) = V 0 cos (a> 0 t + (p) + -x 

2 

x {cos [(o» 0 + Q)t + cp + ip] + cos [(<w 0 — Q)t + q> — ip]}. (II.2) 

We can thus regard the modulated wave as the sum of three vectors: 


OA 

represents 

V 0 cos ( co 0 t + (p ) 

AB 

represents 

mV o 

2 

COS [(cOq + @)t + (p + ip] 

AC 

represents 

mV 0 

2 

cos [(co 0 — Q)t <p — ip], 


These vectors are shown in Fig. II.l. 





Fig. II.l. Graphical representation of sinusoidal amplitude modulation. 


II.l.1.2. The Power of the Modulated Wave 

If P 0 is the power of the unmodulated carrier wave, the maximum power 
of the modulated wave becomes 


^max = (1 + m) 2 P 0 . 


(II-3) 
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The mean power is equal to the sum of the power of the unmodulated carrier 
wave and the mean power contained within the sidebands; it is thus equal 
to 

i’m.an =P 0 + 2^-P 0 , 

4 

or 

Pmc.n = (l + -y) P °- (H-4) 


II. 1.2. The Spectrum of an AM Wave 

In the most general case, where the signal s(t) is not purely sinusoidal, the 
modulated carrier wave can be expressed in a Fourier series of the form: 

V(t) = V 0 [l + a 0 + a x cos (Qt -f ^Pi) 

+ a 2 cos (2 Qt + rp 2 ) 4- •••] cos (a) 0 t 4- <p). 


or 


V(t) 


= (1 4- a 0 ) cos (a) 0 t + cp) 


4- [cos ((co 0 4- Q)t + (p 4- ^i) 4- cos ((co 0 — Q)t + 9? — V^i)] 


4- —— [cos((co 0 + 2 Q)t + (p 4- ipf) + cos((co 0 — 2Q)t + (p —- 9 * 2 )] + •••. 

2 

The spectrum of the modulated wave consists of a central line, which 
corresponds to the carrier frequency f 0 , together with a series of lines of 
higher and lower frequencies, symmetrically placed with respect to the central 
frequency. These lines lie at frequencies 

fo + F, f 0 + 2 F, ... etc. ... and f 0 — F, f 0 - 2F, ... etc. ... 

In the special case of sinusoidal modulation, the spectrum consists of three 
lines: the central line, with amplitude V 09 and the two adjacent lines at fre¬ 
quencies f 0 4- Fand f 0 — F , each with amplitudes of mV 0 l2 . 

As a result, the width of the frequency bandwidth occupied by an AM 
wave, modulated by a sinusoidal signal, is given by 


a = 2 f. 


(II.5) 
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II. 1.3. The Production of AM Waves 

Two modulation procedures are to be distinguished: modulation by the 
grid and modulation by the anode. 

II.1.3.1. Modulation by the Grid or by the Base 

An example of modulation by means of the grid is shown in Fig. II.2. 
The instantaneous voltage at the grid is 

u = A sin Qt + B sin cot + U 0 . 



Fig. II.2. Grid AM modulation. 



Fig. II.3. Base AM modulation. 
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During one period of the carrier, the modulating voltage can be considered 
a constant, equal to U 0 + A sin Qt, and it varies with the same period as 
the LF between U 0 4- A and U 0 — A. The value of A depends upon the 
modulation factor which is chosen. In Fig, II.3 an arrangement where the 
modulation occurs at the base of a transistor is shown. 




II. 1.3.2. Modulation by the Anode or by the Collector 

In the case the grid voltage is held constant at U 0 , the carrier signal is 
applied to the grid and the LF signal to the anode, as shown in Fig. II.4. 
The modulated signal appears across the tuned anode load. The methods 
shown in Fig. II. 5 employ capacitors or inductors for modulation, and for 



Fig. II.5. The use of capacitors (C) or inductors (L) for modulation. 
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preference, one of these methods is usually selected, in order to avoid 
polarization of the modulating transformer. 

A type of AM arrangement in which the LF is introduced at the collector 
of the transistor, is shown in Fig. II.6. 



Fig. II.6. Collector AM modulation. 


II. 1.4. Detection of an AM Wave 

The detectors which are used in practice are not exactly linear; instead, 
they are usually “quadratic” —the signal u(t) which is detected is expressed 
as a function of the modulated wave V(t) by the relation 

u{t) = kAVitW + k 2 V(t). (II.6) 

On substituting the expression for V(t) given in equation (II. 1), and con¬ 
sidering the case in which both cp and y> are zero, we have 

u{t) = k 1 Fq[1 + m cos Qt] 2 cos 2 ( co 0 t ) 

+ k 2 V 0 [ 1 + m cosf3?] cos (co 0 t). 

On replacing the terms in cos 2 * by (1 + cos 2x)/2 and terms in products of 
cosine functions by terms in sums, we find 

u(i) = + ~ 2 ^ + cosQtlmkiVl] 

kivfl 
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+ COS (O 0 t [k 2 V 0 ] 
+ cos (co 0 + Q)t 


[?H 

] 


+ cos (co 0 — &)t — k 2 V 0 
_ 2 


+ cos 


-'[('*?)¥] 

[-¥] 


+ COS (2 C0 0 ~h Q)t 


4- cos (2co 0 — ,0); J 

[?*41 


+ cos 2(co 0 + Q)t 


+ cos 2(a>o - &)' ^ ^-1. 


We can now see that the output signal from such a detector is composed of 
a number of separate signals, the angular frequencies of which are 

Q, 2Q 


a) o, co 0 ± Q 

2co 0 , 2 coq + £2, 2o) 0 + 2 Q. 


As some of these angular frequencies are close to or equal to that of the 
carrier wave, a low-pass filter must be placed at the output of the detector to 
eliminate them. After filtering, the only components which remain are 


cos Qt{mk 1 Kq) + cos 2Qt 



If a comparatively low modulation index is used, the term in 2 Q becomes 
negligible in comparison with the term in Q. (For m = 30 per cent, the 
attenuation of the 2 Q component, with respect to that of the Q component, 
is equal to m/4 which is less than 10 per cent.) 
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In Fig. II.7, a crystal detector is illustrated schematically, together with its 
detection characteristic (the amplitude of the signal at the output as a func¬ 
tion of the signal at the imput). 

The time constant, RC, is taken to be 1/F max , where F max is the maximum 
frequency to be transmitted. 



Fig. II.7. Crystal detector. 


II.1.5. Some Remarks on AM Modulation with a Single Sideband (SSB) 

Modulation with a single sideband offers some extremely noteworthy 
advantages, and this system of modulation is unquestionably among the best- 
adapted to the kind of information to be transmitted. The value of the signal- 
to-noise ratio is far higher than the corresponding value with ordinary 
amplitude modulation. The frequency band which is occupied is only half as 
wide, and this is an added protection against jamming. The major incon¬ 
venience is of a technological nature: it is in fact necessary to have local fre¬ 
quencies available at the transmitter and at the receiver which differ by no 
more than a few cycles per second. The problems of bulk in the missile are so 
severe that this type of modulation system is very little used in remote-control 
and telemetry devices. For this reason that we shall not study it in any detail 
but simply point out its existence for completeness’ sake. 


II. 1.5.1. The Principle of SSB Modulation 

The problem is to suppress the component of the spectrum which cor¬ 
responds to the central frequency, as the uselessness of the latter has already 
been displayed in the paragraph on AM. 

If V P (t) = cos (cot + <p) is the voltage which represents the HF carrier 

N 

wave, and s(t) = £ E n cos (Q n t + is the modulation signal, the AM 
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signal is 

V(t ) = [1 + ks(t)]V P (t) 

k N 

= cos (cot + 99 ) H-£ E n cos [(co - Q n )t + <p - ip n ] 

2 n= 1 

k N 

+ — X E « COS t(«> + ®n)t + V + V>n\ ■ 

2 n=l 

Suppose that with some appropriate device, their product is formed instead: 
U(i) = V P (t) x s(t) 

N 

= i £ En cos [(co - Q„)t + <p -ip„] 

n= 1 

N 

+ i Z cos [(« + Q n )t + 9 9 + y>„]. 

n= 1 

We obtain a wave, whose spectral components consist only of two side¬ 
bands, lying on either side of the carrier frequency. To obtain a signal con¬ 
taining a single sideband, therefore, it is only necessary to filter out one of the 
two bands. When the lower band is filtered out, the SSB signal is of the form 

j v 

^ssb(0 = 2 X E n cos [(ft) + Q n )t +$> + ¥>»]. 

n= 1 

To detect a SSB wave, the SSB signal which is to be demodulated and a 
demodulation signal 

V D (t) = cos (co D t + <p D ) 

are applied to the demodulation device simultaneously; at the output of the 
mixer we obtain the signal V s (t ): 

AT 

V S {t) = X E » C0S [(“> - Wi) + Q„)t + <p - <PD + Wn]- 

n= 1 

If co D = co, the output signal V s (t) is thus the modulation signal s(Y), apart 
from a phase factor, <p D . 

The difficulty is to obtain co D = co exactly. If this equality is not exactly 
achieved, serious perturbations to the LF signal itself may result. The solu¬ 
tion is to force the mixer oscillator by means of the error in frequency between 
the signal, frequency/, and the signal provided by an extremely accurate local 
oscillator. 

An example of a method which can be used to suppress the carrier fre¬ 
quency is given in Fig. II. 8 . At the output of this balanced modulator, a 
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signal with a pair of sidebands is obtained; the carrier wave has been sup¬ 
pressed; to eliminate one of the two sidebands, this output signal has simply 
to be passed through a filter. 


Modulating s 
signal §| 



II.2, FREQUENCY MODULATION AND PHASE MODULATION (59) 

In this section, we shall examine in detail these types of modulation, which 
are of particular interest in remote-control and telemetry devices. 


II.2.1. Analytic Expressions and General Features 
II.2.1.1. Analytic Expressions 
Consider a function of the form 

V(t) = V 0 sin <p(t), 

in which cp(t) is the phase or the argument of the function V(t). By definition, 
the instantaneous frequency f t is, apart from a constant 2 tt, equal to the time 
derivative of the argument, thus: 

f = 1 d y( ? ) 

2 n d/ 

A frequency-modulated wave results if the value of the instantaneous fre¬ 
quency faithfully reproduces that of the modulating signal, s(t ). 

o)i = co + ks(t). 

The argument or phase is determined by 

<p(t) = cot + k\ j(/) d t + <p 0 

in which co is the angular frequency of the unmodulated carrier wave. 


RRC.2 
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The general expression for a wave modulated in frequency by a signal s(t) 
is of the form 

V(t) = V 0 sin [cot + <p 0 + k J s(t) d/]. 

In the special case where s(t ) is a circular function, namely 

s(t ) = S 0 cos Qt, 


we have 


V(i) = V 0 sin [cot + cpo + m sin Qt], 


in which m = kS 0 jQ is the modulation index. 

The instantaneous frequency can be expressed in the form 

fi=f+ Af cos Qt, 

A f Aco 


m = 


Q 


The modulation factor X is the ratio of the frequency difference A /, to 
the carrier frequency f: 


X = 


Af 
f ’ 


In the case of phase modulation, 

V(t) = V 0 sin [cot + kS 0 cos Qt + <p 0 \> 

or alternatively 


with 


V(t) = V 0 sin <p(t) 
cp(t) = cp + Aq) cos Qt . 


Writing S(t) = ds(t)ldt, a PM wave can be identified as s(t) and an FM 
wave as S(t). 

The transition from one type of modulation to the other is effected simply 
by differentiation or integration. 


II.2.1.2. The Spectrum of an FM Wave, and the Bandwidth 


It can be shown that an FM wave of the form V(t) = V 0 sin (cot + m smQt) 
can be expanded as an infinite series of the following form: 


in which 


00 

V(t ) = V 0 d„(m) sin (cot + nQ)t , 

n — — oo 

J n(m) = (- ] ) n j n (m), 


and J n (m) is a Bessel function of order n . 
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The resulting spectral distribution consists of a series of lines symmetrically 
placed about the carrier frequency /, and symmetric in amplitude variation. 

This means that for even harmonics of the modulating frequency, (n£2), 
the corresponding spectral amplitudes on either side of the carrier frequency 
are in phase, whereas for odd harmonics, they are of opposite phase. It would 
seem that the frequency band occupied by the modulation is infinitely wide, 
since the number of components is unbounded. In fact however, J n (m) tends 
rapidly towards zero when n increases, and a practical bandwidth can be 
defined in the following way: 

a = W+ F m j 

= 2(m + 1 )F max , 

in which F max is the maximum LF modulation frequency. 

For small values of the modulation index, (m < 0*2), the width of the 
frequency band occupied is equal to twice the modulation frequency (a re¬ 
sult analogous to the AM case). 


II.2.1.3. The Power carried by the Sidebands 

If jP 0 ” AVq is the power of the unmodulated carrier wave, the power 
contained in all the sidebands of an FM wave is 


P = Poll - Joint)], 

When the modulation index m is greater than 2, the ratio P/P 0 lies be- 
tween 0*8 and unity, and tends towards unity as m increases; this means that 
the power carried by all the sidebands tends in a uniform way towards the 
power in the unmodulated carrier wave. This fact represents an advantage 
over amplitude modulation, where the power at the aerial of the transmitter 
depends upon the modulation factor. The result is that firstly, the power 
supplied to the different amplifying stages is sensibly constant and further, 
that the useful power is greater than in amplitude modulation. 


II.2.1.4. Modulation by a Rectangular Signal 

This problem appears when it is necessary to modulate a carrier wave 
with a succession of digits, or again, it appears in a more general way in 
devices for pulsed modulation which employ frequency modulation of the 
carrier. 

The expression for the signal which has been modulated in frequency can 
be written in the form 


V{t ) = V 0 sin [cot + Aco J s(t) d t ]. 
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By decomposing the rectangular signal into a Fourier series, and then 
doing the same to the signal V(t ), we can show that the carrier frequency F, 
corresponds to a spectrum consisting of a succession of lines. The height of 
the nth line is given by 

. m sin (m — n) \n 

A n — . 

m + n (m — n) 

The bandwidth which the spectrum occupies remains approximately the 
same as in the case of modulation by a sinusoidal signal, namely 

a = 2(m + 1)F. 


II.2.2. The Production of Frequency-modulated Waves and 
Phase-modulated Waves 

Numerous devices have been built which are capable of providing fre¬ 
quency modulation. These can be classified into three broad categories: 

— the production of an FM wave by mechanical variation of an oscillator 

— the modulation may be obtained by a reactance valve 

— phase-modulation devices may be used as intermediaries. 


II.2.2.1. Production of an FM Wave by Mechanical Variations of an Oscillator 

The frequency of an oscillator is determined by the inductance and the 
capacitance of its resonant circuit (LCco 2 = 1). To make the frequency of 
oscillation follow the original variable, therefore, it is only necessary to con¬ 
nect the latter mechanically to vary either the capacitance C or the induc¬ 
tance L. 

The relative variations in the frequency are then given by the following 
relations: 

Either 

Aco _ AC 

o) 2 Cq 
or 

Aco _ AL 
co 2 Lq 

If the changes of capacitance or inductance are sinusoidal in time —if for 
example 


C = C 0 4- AC sin Qt 
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the instantaneous value of the frequency is given approximately by 

C 0 j = co 4- Aco sin Qt . 

In Fig. II.9, an example of an oscillator with variable capacitance is shown. 





Fig. II.9. Variable-capacitance circuits. 


In variable-inductance oscillators, it is generally the permeability of the 
core which is selected as the variable parameter. This can be effected either 
by varying the gap or by using a core in the form of a plunger, the position 
of which is coupled to the quantity which is varying, or again by altering the 
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Fig. II. 10. Production of FM signal, using magnetic circuits. 


saturation of the magnetic material by means of an auxiliary winding (see 
Fig. 11.10). 

These arrangements are very often used in telemetry and will be examined 
in more details in the section devoted to transducers (Chapter VIII). 
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II.2.2.2. Devices Using Variable Reactance Valves or Transistors 

Consider the circuit given in Fig. 11.11; it can be shown that the impe¬ 
dance of the valve together with the circuits Z x and Z 2 is equivalent to 
an impedance Z x across the terminals of the oscillator V e and which is given by 

ry _ Zj + Z 2 

A-—— 

8mZ 1 

in which g m is the mutual conductance of the valve. This impedance, Z i5 
which appears across the terminals of the oscillator, consists of a resistance 
R t and a reactance X x in parallel with the oscillator. 







z 2 

Zi 

Ri 

inductive reactance 
for X, > 0 

capacitive reactance 
for X, < 0 

1 

jC t co 

R 2 

1 + {R 2 CM 2 

Sm 

1 + (* 2 C, o>) 2 

gm^lCiOJ 


Ri 

1 

jC 2 co 

1 + (RtC 2 wy 
gm{RiC 2 0l) 2 


1 + (*,C» 2 

yii<o 

Ri 

R\ + (Li<o) 2 
gJLM 2 


R\ + (ii<u ) 2 
gmR2Cl a) 


jL 2 (» 

R} + (LM 2 
g m R\ 

R\ + (L 2 o>) 2 
g m RiL 2 <o 



Fig. 11.12. Effective impedances appearing across the oscillator. 


Collected together in the table labelled Fig. 11.12 are the various special 
cases, where Z x and Z 2 can each be either a capacitance or an inductance. 
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The working of this system depends upon the fact that the mutual conduc¬ 
tance g m , of the vacuum tube varies with the grid voltage and follows the 
applied LF. The maximum variation of frequency depends on the degree of 
linearity which is desired. 



e m cos lit 

Fig. 11.13. Phase modulator. 


II.2.2.3. Phase Modulation Devices 

Two methods of producing phase modulation are described —the Arm¬ 
strong modulator and the serasoid modulator. 

In the Armstrong method, two vectors initially in quadrature are combined 
after one or both vectors have been modulated in amplitude by the LF 
signal. A modulation device of this kind is shown in Fig. 11.13. The maximum 
phase variation which can be obtained is given by 


(-#•) 


in which e m is the amplitude of the LF signal which is applied to the grids and 
V 0 is the amplitude of the HF signal which is applied to the grids. This system 
has the drawback of creating a parasitic amplitude modulation, the per¬ 
centage effect of which is given by 

ajr 1 — cos^Iq? 

M = -. 

1 -I- COSZI99 
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To prevent this parasitic modulation from becoming troublesome, a small 
value of maximum phase variation is chosen; normally, we take zl<p max < 0*2 
radians, so that the percentage amplitude modulation is very slight, and 
given by 

M ~ ^ (Pm ^ 2 

4 

Another way of obtaining phase modulation is provided by the serasoid 
arrangement. With this system, large phase deviations can be attained direct¬ 
ly, of at most 150°. Nevertheless, it is usual to accept ±90° as the limits of 
the phase variation, in order to avoid any parasitic amplitude modulation, 
and to obtain a satisfactory linearity. A highly stable quartz crystal oscillator 
is used as the local oscillator. Its output is shaped, by squaring, differentiating 
and clipping to produce pulses at the local oscillator frequency, and these 
are used to trigger a saw-tooth generator. The saw-tooth, which is highly 
linear, is then summed with the LF signal at the input to a valve or transistor 
stage. By suitable biasing it is arranged that in the absence of the LF mo¬ 
dulating signal the valve limits at the mid-level of the saw-tooth amplitude. 



Fig. 11.14. The principle of a serasoid device. 


In the presence of the LF voltage the limiting level is thus decreased or in¬ 
creased, and by differentiating the limited saw-tooth a pulse results each 
cycle of which is advanced or retarded in time as shown in Fig. 11.14. 
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Thus the amplitude and sign of the phase change with respect to the local 
oscillator is proportional to the level of the applied LF. A semi-diagram¬ 
matic form of the complete serasoid modulator is shown in Fig. 11.15. 



Fig. 11.15. A serasoid device. 


II.2.3. Reception of FM and PM Waves 

In frequency modulation, amplifier linearity is of prime importance, as 
the phase distortion which could otherwise appear would produce per¬ 
turbations of the FM signal by variations of the group period, r = d^/dco. 
There are, however, two elements, peculiar to FM reception, which are non¬ 
linear and which it is convenient to treat in a special way. These are the 
limiter and discriminator stages. 

II.2.3.1. Limiters 

These devices are designed to suppress the parasitic amplitude modulation, 
and to remove the peaks of the parasitic noise disturbances to improve the 
signal-to-noise ratio. 

Whatever the level of the input signal, the output amplitude delivered by 
the limiter must be constant to allow the discriminator to function normally. 
A typical limiter characteristic is drawn in Fig. II. 16. The output provided 
by this stage is constant only if the input amplitude exceeds a certain value 
termed the “limiter threshold”. 

The signal which is obtained at the output of the limiter is rich in har¬ 
monics, and a circuit tuned to the fundamental frequency eliminates the 
unwanted components. 
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Output voltage 






Fig. 11.18. Double diode limiter. 





DIFFERENT TYPES OF MODULATION 


27 


Many types of limiters are in existence, such as grid current limiters and 
diode limiters, among others. The grid current limiter (see Fig. 11.17) consists 
of a pentode with either the anode potential or the screen potential set at a 
low value. As soon as the excitation potential is sufficient for the grid-cathode 
voltage to reach zero, an autobias current is set up in the grid circuit. The 
choice of time constant, RC, of the grid circuit is dictated by the frequency 
of the parasitic disturbances which one is attempting to eliminate. If, however, 
the time constant is reduced, the height of the threshold increases and the 
level of signals for which the limiter is effective is also reduced. For this rea¬ 
son two limiters are very often used in cascade; the time constant of the 
first is shorter than that of its successor. 



Fig. II. 19. Current-voltage characteristic of a pair of diodes connected 
in parallel opposition. 

Methods of limiting with diodes are of particular interest, since they save a 
valve and occupy little space. In a double-diode limiter the two valves are 
connected in parallel in opposite sense as shown in Fig. 11.18. The diode 
current is an approximately exponential function) of the applied voltage 
and Figure 11.19 shows the variation of the current in the two diodes as a 
function of the applied voltage. 

With diodes like the 19P2, the curvature is very marked, and the curve 
i = f(V) can be regarded as tangential to the asymptotes V = +1 volt. This 
means that the limiter threshold is one volt. 

To ensure the diodes are driven rapidly into limiting conditions the driving 
valve should have a relatively high anode current availability and a high 
stage gain. The system has no appreciable time constant, since smoothing 
is not employed. The diodes themselves are frequency sensitive, and their 
choice is thus affected by the HF employed. 
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II.2.3.2. Discriminators 

The role of a discriminator is to extract the modulating signal from the 
FM wave. Numerous devices which can perform this operation are available; 
only diode discriminators which are the type most frequently met with, are 
described here. 




Fig. 11.20. The Travis discriminator. 


The “Travis” discriminator, shown in Fig. 11.20, consists of two circuits 
tuned to frequencies displaced with respect to one another. In Fig. II.20b 
are plotted the selectivity curves (A) and (B) corresponding to circuits (A) 
and (B) of Fig. 11.20 a. The output voltage is the algebraic sum of the two 



circuit voltages, that is, the arithmetic difference between the voltages across 
(A) and (B). If the difference between the resonant frequencies of the two 
circuits is l'5/ 0 /2, the resulting characteristic is linear to better than 1 per 
cent. 

Another type of discriminator which is very frequently employed is the 
Foster-Seeley version; the principle is shown schematically in Fig. 11.21. 
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A voltage aE P , which is in quadrature with the primary voltage E P , is 
applied to the mid-point of the secondary of the transformer. The voltage 
of the latter, E s , can split into two voltages of opposite phase, E s(2 and E ' sj2 . 
When the system is tuned, E s/2 = (E s/2 ) 0 and E' sj2 = (jF s '/ 2 ) 0 ; the voltages is D1 
and E d 2 at the outputs of the two diodes are equal and the discriminator output 
voltage is zero. When the applied frequency differs from the tuned frequency, 
the two voltages Edi and E d2 are no longer equal and, as the vector diagram 
in Fig. 11.21 shows, a voltage appears at the output of the discriminator. 

A typical example of a transistorized limiter-discriminator circuit is 
illustrated in Fig. 11.22. 



Fig. 11.22. Transistor limiter-discriminator circuit* 8 5) . 


II.3. PULSE MODULATION 

Five kinds of pulse modulation can be distinguished: pulse amplitude 
modulation (PAM), pulse duration modulation (PDM), pulse position 
modulation (PPM), pulse frequency modulation (PFM), and finally pulse 
coded modulation (PCM). 

The features of PAM, PDM, PPM and PFM modulation are first sum¬ 
marized together, and we conclude this Chapter with a more detailed study of 
the PCM system, whose applications to remote-control and telemetry are of 
special interest. 


II.3.1. The Spectrum of a Train of Pulses . 

The Case of Modulated Pulses il0t53) 

Consider the train of pulses of Fig. 11.23; if f r = \jT r is the repetition 
frequency, and the width of each pulse is 6 , then a duty factor 8 can be defined 
as the ratio 8 — 6/T r . 
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The signal f(t) of Fig. 11.23 can be expressed analytically by a series of 
the form 

f(t ) — dA 1 + 2 £ s ^ n n ^ n . cos nQ r t\ 
n= 1 w&t J 

in which Q r is the angular repetition frequency of the pulses. The spectrum 
of such a signal is clearly infinite in extent since it contains spectral compo¬ 
nents of frequency 0, / r , 2/ r ,..., nf r . If the repetition frequency and the 



o 

Fig. 11.23. Pulse train. 


shape of the pulses remain constant, the HF wave modulated by this signal 
is of the form 

V(t) = dA cos o)t [~ 1 + 2 Y d — cos Q r t \, 

L ndn J 

in which n is a positive integer. 

When the pulse train is modulated in amplitude in such a way that the 
height of the pulses is proportional to the modulating signal, s(t), we have 

V XM (t) = no [1 + wsinfl/], 

in which m is the modulation factor and Q is the angular frequency of the 
modulating signal. 



Fig. 11.24. Spectral distribution of a PAM signal. 


The spectrum of the PAM wave (see Fig. 11.24) therefore consists of 

— a constant component of amplitude 8A 

— a component with the amplitude modulation frequency, mb A 
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—components which correspond to multiples nf r of the repetition frequency 
c sin ndn 

with amplitudes 2 Ad --- 

ndn 

— and finally, components which correspond to the frequencies nf r + F, with 

amplitudes mdA 

ndn 

At the receiver, the modulating signal is recovered by means of a low- 
pass filter. 

To enable the filtered portion of the spectrum to be isolated correctly, the 
partial spectra must not overlap one another, and this implies that the condi¬ 
tion of jF max < f r — F max must be satisfied, or what is equivalent, 

fr > 2 F max . 

The repetition frequency of the pulses has thus to be at least twice the maxi¬ 
mum LF frequency which is to be transmitted. 

We shall now consider the case of a PPM wave; the pulses occur at times t n 
such that 

t n = nT r + AT r sin Qt n . 

To prevent the pulses overlapping and to ensure, therefore, that there is 
only one in each period, requires 

T 

AT r < AAL 
2 

in which AT r represents the maximum displacement of a pulse which the 
modulating signal creates. It can be shown that the complex PPM signal 
consists of 

— a constant component, the amplitude of which is Ad 

— a component with the signal frequency F and amplitude 

. GO 
sin — 

AQ6AT r -— 

oe 

2 

which is in practice equal to AQ 6AT r , since 6 1 usually 

— a series of components with frequencies nf ri and amplitudes 

nQ r 6 

sin- 

2 

nQ r 6 
2 


2 Ad 


J 0 (nQ r AT r ) 
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— a series of components with frequencies nf T ± kF and amplitudes 

. r nQ r ± kQ~] 

sin - 

2 Ad -^—2- 1 J k (nQ r AT r ). 

ntt r 

The component with the signal frequency, AQ8AT r , usually has a very 
small amplitude (8 1 and AT r is small), and this makes recovery of the 

LF signal at the receiver more complicated. It is preferable to transform the 
PPM pulses into PDM pulses. 

In the case of PDM pulses, it is the quantity 6 which is modulated, 


6 = 0 O (1 + m sin Qt). 


If the mean duration of the pulses in zero, if, that is, it is arranged that the 
positions of the unmodulated pulses coincide with the mean positions of the 
modulated pulses, we have 6 = m0 o sin Qt. 

The spectrum of a PDM signal consists of 
—a constant component 

A8 0 

—a component at the signal frequency 

mA8 0 

—components at the frequencies nf r 


2 A 

— [1 + J 0 (nQ r md 0 )] 

Tr 

—components at the frequencies nf r ± kF 

nQ r md o 

In the case of a PDM or a PPM signal, each component of frequency nf r 
is surrounded by a series of equidistant lines, at frequencies 

nfr i F* 

nf r ± IF 


nfr ± kF 

In the same way, the constant component is surrounded by the LF com¬ 
ponents F, 2F, ..., kF, ... 

If the repetition frequency is much higher than the maximum LF frequency 
which is to be transmitted, the partial spectrum which contains all the in¬ 
formation in the signal can be isolated by means of a low-pass filter. 
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II.3.2. Bandwidth 


The energy of the rectangular wave represented by 

„ v B , T ^ £ sin ndn ~ 1 

f(t) = dA\\ + 2Y J —-— cos nQ r t 
L «=i non J 

can be divided as follows: 

-the mean power which is proportional to d A 2 
— the power carried by the component of zero frequency which is 8 2 A 2 
—the power carried by successive harmonics which is proportional to 



In theory, 1 < n < + oo, and the spectrum extends to infinity, and thus 
the bandwidth occupied by the signal is infinite. The practical bandwidth, 
however, we shall regard as the width of the band which contains 96-6 per 
cent of the energy. 



Fig. 11.25. The power in successive harmonics of the repetition frequency. 


sin ndn 


In Fig. 11.25 is plotted the curve f —' w - ] as a function of the fre¬ 
quency /. V n ^ n ) 

When there is modulation, the period T r is no longer constant, and the 
envelope of Fig. 11.25 is shifted to one side or the other of the mean position. 


RRC. 3 
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This is apparent as a blurring of the maxima and minima, but does not 
complicate the situation further since the spectrum of the rectangular wave, 
whether it is modulated or not, can be regarded as remaining unchanged. The 
first peak contains 90 per cent of the energy, the second 5 per cent and third 
1*66 per cent. Thus a frequency band of + 3/0 contains 96-6 per cent of the 
total energy. 

HF or MF bandwidths at the receiver of 2/0, 4/0 or 6/0 can be admitted 
according to the distortion factor which can be tolerated. The shape of the 
pulse selected is seen to govern the useful bandwidth; the narrower the 
pulse (small 0) the wider becomes the band. 

The optimum pulse-shape for which the minimum band-width is obtained, 
is a Gaussian curve. 

When the repetition frequency is not markedly greater than the maximum 
frequency to be transmitted, the value of the bandwidth can be taken as 

® = + F ma ,j = 6 [y + F max J. 


II.3.3. Modulation of the Pulses 

The pulses are usually produced by means of a multivibrator. The leading 
edges of the square wave are differentiated to obtain such pulses. An ex¬ 
ample of a transistorized pulse generator using a blocking oscillator is given 
in Fig. 11.26. 



Fig. 11.26. Blocking oscillator. 
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II.3.3.1. Pulse Amplitude Modulation (PAM) 

The diode modulator illustrated in Fig. 11.27 is frequently employed. The 
pulse is modulated symmetrically by the LF signal. Figure 11.28 shows an¬ 
other modulation system in which a pentode valve is used as modulating 



Fig. 11.27. Diode modulator. 


d} 



_II_^ PAM 

r it output 

1 f +HT 


tube. The suppressor grid operates as a second control grid, to which the 
modulation signal is applied. The bias of the cathode must be adequate to 
block the tube in the absence of any applied pulse; this can be achieved 
by inserting a Zener diode with an adequate reference potential into the 
cathode circuit. 

II.3.3.2. Modulation of the Pulse Duration (PDM) 

A PDM wave can be obtained by making use of the serasoid principle 
discussed earlier. The unmodulated saw-tooth is shown in Fig. 11.29, and 
the presence of the LF moves the pulse A along the time axis in synchronism. 
If pulse A is now used to set a bistable multivibrator and pulse B , which is 
fixed in time, to reset it, we obtain at the output of the device a rectangular 
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wave whose duration is proportional to the interval AB and hence to the 
modulating amplitude. 

A different device, illustrated in Fig. 11.30, converts an amplitude-mod¬ 
ulated pulse into a pulse modulated in duration. 



Fig. 11.29. Principle of PDM by the serasoid method. 



Fig. 11.30. PAM-PDM converter. 


When no signal is being applied to valve 1, the grid of valve 2 is positively 
biased with respect to the cathode, and this second valve behaves like a diode. 
When a pulse appears at A , the second valve is cut off, and the capacitor C 
discharges into the circuit (R ± 4 - jR 2 ). The time taken by the capacitor to 
discharge depends upon the height of the applied pulse, and thus a PDM 
wave appears at the anode of valve 2. 
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11.3.3.3. Pulse Position Modulation (PPM) 

A PPM wave can again be obtained directly with the aid of the serasoid 
arrangement. In this case only the poise A of Fig. 11.29 is used, modulated 
in position in synchronism with the LF, as has already been seen. 

It is equally feasible to employ a device which converts PDM into PPM. 
It is only necessary to apply a PDM wave to the input of a differentiator, 
which results in two pulses corresponding to the front and rear vertical edges 
of the PDM pulse. By retaining only one of these two pulses, a PPM wave is 
obtained. The polarity of the pulse which corresponds to the fixed face is the 
opposite of that of the pulse which is produced by the variable falling edge, 
and can thus be easily eliminated. 

11.3.3.4. Detection of the Modulated Pulses 

In the discussion of spectra it was seen that there is always a component 
corresponding to modulating frequency. Accordingly a low-pass filter can 
be placed at the output of the detector, arranged to reject the repetition 
frequency of the pulses and its harmonics, but to accept the maximum mod¬ 
ulating frequency without distortion. 

II.4. CODED MODULATION (PCM) 

The signal, properly speaking, is now quantized as we shall see in Chap¬ 
ter III; by this is meant that by sampling the signal, some chosen level in a dis¬ 
continuous series is substituted for the signal in such a way that the error 
between the level selected and the real value does not exceed the error in the 
quantization. 

It is possible to translate any number in a binary form containing only two 
possible digits, “0” and “1”. The essential advantage of yes-no transmission 
(presence or absence of a pulse) lies in the efficiency of the protection it offers 
against parasitics. The signal-to-noise characteristics of this type of modula¬ 
tion will be studied in the chapter entitled “Limitations on Information”. 


II.4.1. Evaluation of the Bandwidth in PCM 

If F m is the maximum frequency of the modulation which is to be trans¬ 
mitted, then the sampling frequency must be greater than or equal to 2 F m 
(see II.3.1). 

In a code of n binary digits the maximum number of pulses corresponding 
to the maximum number of digits is n; allowance must also be made for the 
number of synchronizing pulses. The minimum repetition frequency of the 
pulses then becomes 2 (n 4- s)F m . 
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When the code pulses are rectangular, the bandwidth extends in theory to 
infinity, and practical bandwidths are excessively large. 

To benefit fully from the advantages of PCM modulation, pulses which 
have particularly easily reproducible shape, are employed. Theory suggests 
and experiment confirms that when a function is of zero slope at the origin, 
and is elsewhere rounded off, the spectrum obeys a law in 1//" (w ^ 3). 


_rF^Z~Fp_rfi_ 



Fig. 11.31. Train of code pulses. 


When the function is gaussian e~** 2 , the spectrum is of the form e -n/2 . For 
the pulse-train shown in Fig. 11.31, the analytic expression for the gaussian 
pulse is then 

40 = e -‘ t2/r \ 

It is arranged that s(0/2) = 1/2, which defines the value of a. The spectrum 
of this Gaussian pulse is equal to 

S(a>) = e ~“ 2T2/4 ^. 

If the spectrum is truncated at a value corresponding to the cut-off angular 
frequency co C9 for which S(co c ) = e~ 2 , we obtain 

1 , 1 . 

71 T 


T 


with T = 


1 


2 (n + s)F m 


As a result, the minimum bandwidth which is capable of accepting the 
above pulses is equal to 

® =f c = 1*2 (n 4- s)F m . 


The pulses can be allowed to overlap without fear of cross-modulation 
since in coded modulation, the data within the signal are represented by the 
presence or absence of pulses. This point deserves to be emphasized; it is one 
of the essential reasons for the advantage of coded modulation over the 
other types of modulation. In a more general way, we may say that the pulse 
train is represented by a square wave, the frequency of which is equal to half 
the information rate. 
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II.4.1.1. Bandwidth for a PCM-FM Transmission 

It is assumed that the frequency of the wave remains unaltered when a 
digit “0” is applied to the HF wave of frequency /, but that the appearance 
of a digit “1” does affect the frequency. A square wave can be expanded as 
a Fourier series of the form: 

0/ x 4 r i . i r i i 

Six) = — cos x-cos 3x H-cos 5x -cos lx + •••!. 

n L 3 5 7 J 

It is clear, therefore, that the bandwidth required for a pure square wave 
is too wide. However there is no loss of information if it is filtered and only 
the fundamental, FM wave, retained. The response characteristic of a suitable 
type of filter is shown in Fig. 11.32, in which the cut-off frequency / equals 
half the transmission rate. 

When this filter is employed, the pulse train satisfies the conditions neces¬ 
sary to occupy the minimum bandwidth. The HF bandwidth is now easy to 
calculate. If R is the transmission rate in bits/second, the maximum frequency 
to be transmitted is F m = Rjl c/s. For a modulation coefficient m , we have 

dS = 2(m + 1 )F m . 



Fig. 11.32. Response curve of the filter (27). 


It is interesting, too, to know the 60 db bandwidth. On the curve of 
Fig. 11.32, the attenuation is seen to be 60 db when F = 4*7 F c . The band¬ 
width at 60 db, therefore, is given by 


eodb = + 4-7/ c ). 
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Figure 11.33 shows the value of the bandwidth at 60 db as function of the 
information rate for different values of the frequency change. 



Fig. 11.33. HF 60 db bandwidth as a function of the information rate. 


II.4.1.2. The Bandwidth for PCM-AM Transmission 

The choice of the parameters can be made more simply in this case than 
for PCM-FM modulation, since the HF band only comprises the two 
ordinary sidebands of amplitude modulation. The HF bandwidth therefore, 
takes the value 

« = 2F m . 


11.4.2. Synchronization 

When several channels are commutated, the synchronization pulse serves 
as a reference, so that pulses can be separated at the receiver. We shall return 
to this problem in the section on multiplex systems. 

In the case with which we are more particularly concerned, the synchroniz¬ 
ation separates the code groups, provides a reference for the time zero, and 
indicates where words begin or where the code group corresponding to the 
word starts. Finally, synchronization is indispensable at the receiver, to dis¬ 
tinguish between the presence and the absence of pulses, to distinguish a 
digit “0” from a digit “1”. 

The synchronization signal can be transmitted through a special channel, 
or alternatively, detected by means of the actual coding arrangement itself, 
or again, marked out by a special modulation. 
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One solution which may be adopted is to begin a code group with a digit 
“1” and to end with a “0”. In the decoding chain an element is inserted which 
extracts the presumed synchronization reference and a decision circuit checks 
whether the reference is acceptable as satisfactory. In the least favourable 
case, for n digits per code group, the decision is taken at the (n — l)-th. 

The simplest precedure consists in choosing a code pulse which is mod¬ 
ulated yes-no at a frequency half that of the sampling frequency. The syn¬ 
chronization will then be performed at the receiver by means of a low-pass 
filter. 


II.4.3. Transmission 

An analogue signal can be transformed into a digital signal, as described 
in Chapter III on “Information and Coding”. 



Fig. II.34. Block diagram of complete PCM-AM or FM transmitter. 

Accordingly, analogue signals can be applied to the coder which turns the 
information in the signal into a digital form, so that at the output of this ele¬ 
ment the information appears translated into a parallel code. A parallel- 
series code converter gives the information in the form of a succession of 
pulses which are applied to a low-pass filter to eliminate the harmonics, 
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allowing a reduced bandwidth. The synchronization signal is formed by divid¬ 
ing down the local oscillator or clock frequency. The synchronization signal 
is then modulated in a manner which can be detected easily at the receiver. 
The resulting total signal is then used to modulate an RF frequency in AM 
or FM according to the type of modulation which has been selected. Fig¬ 
ure 11.34 is a diagram of such a transmitter. 

The low-pass filter circuits strongly influence the behaviour of the signal. 

Consider the series of digits 00110110, shown schematically in Fig. 11.35. 
It will be seen that the distortion of the signal depends on the bandwidth 
allocated to it. 



Fig. 11.35. Distortion of signal passed through a low-pass filter. 

The passage of a digit “1” is represented by a rising edge, whereas the 
passage from a digit “1” to a digit “0” is characterized by a falling edge. The 
wider the bandwidth allocated, the more sharply is the edge determined, but 
for reasons of economy, one tends to choose narrow bandwidths. Another 
interesting point is that with a bandwidth equal to T5/ 0 , the value of the 
corresponding digit can be detected simply by coincidence between the 
amplitudes. It should also be noted that when a pulse passes suddenly through 
a filter, a phase change which may be equal to nj2 may occur. It is thus 
necessary to watch out for these phenomena — at the receiver in particulary — 
in order to be able to make any necessary correction for this phase change. 
Above all, it is important to ensure that the synchronization pulse itself also 
undergoes this same phase change, as otherwise there is a risk of errors 
occurring at the decoding stage. 
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II.4.4. The Receiver 

The receiver system contains first of all an ordinary RF receiver unit, with 
its local oscillator, its mixer, and its intermediate frequency. The demod¬ 
ulation unit consists of a discriminator, in the case of frequency modulation, 



Fig. 11.36. Block diagram of a receiver. 


or of an ordinary detector for amplitude modulation, followed by a low-pass 
filter to eliminate unwanted components. Finally, there is the decoding unit 
for this type of PCM modulation (see Fig. 11.36). 



Fig. 11.37. Schmitt trigger. 


The decoding unit is now considered in more detail. It consists of a syn¬ 
chronization detector, coincidence circuits for reading out the code, and a 
digital translator —the analogue of the one which provides the transmitted 
signal. Code pulses which are detected are then shaped by regenerative 
circuits (see Fig. 11.37) or triggers. 

This circuit depends on the coupling between the collector of Tl and the 
base of T2 . The trigger changes its state as soon as the input signal goes out- 


L J 
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side a critical zone, (£/' — U). It is preferable to set the interval (£/' — U) to 
a small value, by means of the potential divider R 1 R 8 . In practice, the critical 
zone is arranged to lie equidistant from the maxima and minima of the signal. 

It is now necessary to detect the synchronization pulse, knowing it to be 
modulated at a frequency which is half the repetition frequency. A pulse 
with frequency / 0 /2 is detected and then doubled. Finally, a square wave 
results, whose leading edge is used to trigger a multivibrator. 



Fig. 11.38. Block diagram of a decoder. 


After bringing this wave into coincidence with the pulse train, a synchron¬ 
ization pulse is obtained which is pure enough to be used to “strobe” time 
instants in the code as is seen in Fig. 11.38. A digital converter provides the 
required signal at its output. 

The coincidence circuits perform the logical operation of combination 
“AND”; in other words, if X and Y are two pulses applied simultaneously 
to the “AND” circuit, the output delivers a pulse only if the product XY is 
equal to 1, which occurs when the X and Y are both the digits “1”. 

Such a circuit, employing diodes, is shown in Fig. 11.39. 
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If the pulses X and Y are equal to E , no current flows in the resistor R , 
and the voltage at both ends of R is E. If either X or Tis zero, a current flows 
through the resistor, and creates a voltage drop which is sufficient to reduce 
the output voltage to a low level. 



APPENDIX — GAUSSIAN PULSES (l00) 

In order to obtain a high signal-to-noise ratio, while using only a relatively 
narrow bandwidth, one is led to use pulses of a special shape. It will be shown 
that the signal-to-noise ratio takes its optimum value when the form of the 
signal which is received is the Fourier transform of the pass band, and this 
leads to the use of a Gaussian pulse. 



The expression for a Gaussian curve is 


This curve is its own Fourier transform: 


e“** 2/t2 



d t. 


u(f) = e" c2/t2 


The spectrum of a pulse 
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is of the form 

<p(f) = e-" 2t2/2 . 

Suppose that T is the time-interval between two pulses (Fig. 11.40); the 
cross-modulation level is 

D = 2e" (,/,)2 

so that 

T 2 

— = log e 2D. 

T 2 

Further the frequency f 0 for which the amplitude of the spectrum is l/k 
times its maximum value is such that 

Ijk = e~ 112,2/02 

n 2 i 2 fl = log t k. 

The bandwidth, f 0 , for which the pulse overlap is D can be obtained from 
the following expression: 

T 2 fo = -^rloge 2 D log e k. 

Jl 2 

Introducing the repeat frequency, f r = 1 /T, we find: 

fo = — (loge 2 D loge k) 1 ' 2 . 

7t 

Thus for D — — 40 db with respect to the minimum level 1, the bandwidth 
at 40 db is equal to l*57/ r . 



CHAPTER III 


INFORMATION AND CODING 


The development of communication systems is dependent upon the two 
following procedures: the search for components and basic circuits suitable 
for the equipment, and the analysis of the behaviour of these elements with 
a view to obtaining the optimum efficiency. 

Information theory provides the link between mathematical considerations 
and the design of the actual transmitting equipment. We are confronted 
with three essential requirements: 

— to obtain transmission systems which possess the maximum efficiency 
—to show which method will provide the best compromise between maximum 
efficiency and any self-imposed limits 
—to study the extent to which the effects of noise can be reduced. 


III.l. THE NATURE OF THE INFORMATION 

The most general kind of communication system consists of the following 
elements: 

—a source of information which chooses the message which is to be trans¬ 
mitted 

— a coder, which transforms the initial message into signals of a special kind, 
better suited to the transmission 

—a transmitter 

— a transmission line or communication channel, which constitutes the inter¬ 
mediate physical medium between transmitter and receiver 

— a receiver 

— a decoder which reconstructs the initial message 

— the user, or other person for whom the message is destined, who receives 
the information contained in the message 

— finally the presence of the noise which is the cause of all distortions of the 
signal must be mentioned. 

A block diagram of a complete transmission system is shown in Fig. III.L 
Communication is satisfactory if the message emitted by the information 
source is intelligible enough to be understood when it reaches the user, 
despite the distortion and noise which may have distorted the contents of 
the signal. 
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A measure of the information can be defined by the number of degrees of 
freedom available in choosing one message from among the others; the totality 
of possible messages constitutes message-space. In practice, this space is always 
limited (the temperature, for example, is limited to within a certain range). 

As our unit of information, we shall take the alternative between two 
possible choices; thus in the binary system, we can choose between two 
symbols only: 0 and 1. This unit of information is known as a “bit”. 



Fig. III. 1. Block diagram of a complete transmission system. 


In other words, the quantity of information measures the variation of 
possible events between two statistical states —initial and final—which result 
from the choice made by, for example, some instrument. 


II1.2. A MEASURE OF THE INFORMATION 


As an example, consider the remote-control of a missile with four possibil¬ 
ities; by this, is meant that the missile will obey any of four orders: dive, 
climb, left and right. In this case the source has four symbols at its disposal. 

The measure Q of the information in a source with M symbols at its 
disposal is 

Q = log M. 


With the unit of information chosen above, the base of the logarithms is 
taken equal to 2 

Q = log 2 M. 

If the communication consists of N symbols from among the M available 
the quantity of information which is transmitted is 

Q = log 2 M N 
or 

Q = Alog 2 M. 


The information density, or quantity or information per symbol is, there¬ 
fore 

H = — = log 2 M bits/symbol. 

N 
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More generally, if P t is the probability belonging to choice of the i-th 
symbol, the mean information per symbol, H , or “entropy” is given by 

H= - X P t log 2 P t . 

i 

The entropy corresponding to an emitted symbol depends upon the prob¬ 
ability distribution, P t . It reaches its maximum when all the symbols are 
equally likely, provided they are wholly uncorrelated, that is, when 


so that 


Pi = P 2 - - = Pi = - 




#max = l°g 2 M. 

When the basic symbols are not all equally likely, and when correlations 
exist between them, the relative entropy is defined by the ratio H/H msLX < 1, 
and the redundancy as the difference between the relative entropy and unity 

H 

Redundancy =1-. 


This quantity is a measure of the excess of information. 

When the communication is noisy, when, that is, it is perturbed by the 
presence of errors and noise, the entropy conveyed through the system is less 
than that of the source of the messages. 

In particular, when the information is transmitted in the form of voltages 
applied to circuits, the latter may limit the frequency band, and the super¬ 
imposed noise in the passband is a cause of error. 

The entropy of the signals received is equal to the difference between the 
entropy of the initial signals and that of the noise. 

^received ~ ^signal ^noise • 

The information rate R is the quantity of information transmitted per 
unit time, 

R = — = — log 2 M bits/sec. 
t t 

If the N chosen symbols are emitted at a rate of nj second (N = ni), we 
obtain 

R = n log 2 M bits/sec. 

The information rate is a quantity which characterizes the possibility of 
transmitting a message in a given time. 


RRC.4 
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III.3. THE CAPACITY OF A TRANSMISSION CHANNEL 

The information in a message at the receiver is naturally limited. The 
spectrum of the signal in fact extends across a certain frequency band. The 
noise which arises in the transmission channel defines a threshold beneath 
which the data contained in the signal are no longer perceptible. In view of 
these limitations, we shall now examine the maximum information rate which 
can be attained in this channel. For this purpose, let us quantize the signal, 
and take into account the response time at the receiver. 

First of all, it is necessary to know the number of different levels which 
the receiver can distinguish without error. In the absence of noise, the useful 
signal f(t) 9 varies between two amplitude levels, + V and — V. Assume that 
onto this signal, noise is superimposed (see Fig. III.2). 

The maximum amplitude of the noise fluctuations is V = 2V N . 

The instantaneous value of the signal is thus indeterminate to within ± V N . 
As a result, two instantaneous values of the signal must be separated by at 
least 2V n if they are to be distinguishable. 



The number of perfectly distinct levels between the amplitudes = 4* V 
and — Fis, therefore, 


M = 


2V 

2V n 



or, considering the powers of the signal P and of the noise N 



We have carried out a quantization of the signal. The presence of the func¬ 
tion f(t) is therefore linked physically to the choice of ways of doing this, 
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given the M symbols which constitute the M distinct levels already 
obtained. 

To be able to define the transmission potential of the system completely, 
it only remains to make allowance for the response time of the receiver. 

In the most usual case, the receiver can always be represented by a band¬ 
pass filter, or alternatively, by changing the frequency, to a low-pass filter 
with a cut-off frequency f c . 


v e 

» 



Fig. III.3. Response of a low-pass filter to a unit step. 


Let us apply a signal V e corresponding to a unit step to such a filter (see 
Fig. III.3). The wave V s at the output of the low-pass filter has been delayed 
a time t D with respect to the unit step, and only reaches its final value after 
a rise-time, t M . 

The shorter the filter characteristic, the longer becomes the delay t D . The 
rise-time / M , however, is related directly to the bandwidth of the filter, through 
its cut-off frequency f c ( t M = l/2/ c ). 

The result of this is that the time interval which corresponds to the passage 
from one level to another has to be greater than the rise time if the receiver 
is to be able to distinguish a sequence of successive levels, analogous to an 
emitted sequence of unit functions. In one second, therefore, a maximum of 
n = 2f c different signals can be distinguished, the latter being regularly 
spaced at l/2/ c second intervals. 

The maximum information rate is therefore 

^max = n l0g 2 M 
or 

I P P 

4ax = 2f c log 2 / — = f c log 2 — bits/sec. 

V N N 

The power P is equal to the sum of the powers of the signal alone, S and of 
the noise, B. 

^max = fc log ^1 + — ^ . 
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The preceding results can be expressed in the form of a well-known 
theorem, given by Shannon: 

“The information rate R of a steady signal of mean power S , the spectrum 
of which occupies a bandwidth & and which undergoes the influence of noise 
the power of which is N , is less than or equal to a maximum value R mzx , 


® log 2 



It should be noticed that the value R max can only be attained if the spectra 
of the signal and the noise are of the same nature. 

The capacity C of a transmission channel is the name given to the maxi¬ 
mum information rate at which transmission can take place along the channel: 


c = R ma * = ^log 2 




The quality of a channel is measured by its information capacity. In 
Fig. III.4 the expression C/& in bits/cycle is plotted as a function of the signal- 
to-noise power ratio in db. 



Fig. III.4. Information capacity per unit bandwidth as a function of the signal- 

to-noise ratio. 

The most important problem in the study of transmission is the matching 
of the characteristics of the message to fit those of the communication chan¬ 
nel. The message is characterized by the transmission rate, R mcssaie , and the 
transmission channel by its capacity. 
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The fundamental relation which connects these two characteristics is ex¬ 
pressed by the Tuller-Shannon theorem, which may be stated as follows: 

“A channel of capacity C can in theory transmit any message which has an 
information velocity less than or equal to C, irrespective of the natures of 
the message and the channel”. 

•^message ^ ^channel* 

By way of example, take the standard case of an LF signal transmitted by 
means of an HF carrier signal. The characteristics of the HF channel are 
deduced from those relating to the LF channel. 

From above we obtain the following inequalities: 


message ^ (^max)LF ^ ^HF ? 

i) 

N J LF 


«^LF 


^ «^HF 




For higher values of the signal-to-noise ratio, the optimum condition takes 
the form 

' " 3 hf/^lf 


(-) =r(-) t 

\NJ LF LWhfJ 


Contrary to what might have been anticipated, it is possible to transmit the 
LF message which occupies a frequency band ^ LF by means of a HF channel 
with a bandwidth ^HF narrower than that of the LF channel, provided a 
variation in the signal-to-noise can be tolerated. This is not, however to be 
recommended, since for a reduction of the bandwidth by half, the signal-to- 
noise ratio expressed in decibels would have to be doubled, and this would be 
an extremely high price to pay for the reduced bandwidth. 


III.4. APPLICATIONS TO THE CASE OF MULTIPLEX LINKS 


In a multiplex link, several transmission channels are grouped together, 
and the total information is transmitted along a signal path, the communica¬ 
tion channel. This path may be provided by the RF carrier wave, or by a 
telephone cable. In the first case, we have an electromagnetic wave at the 
carrier frequency, while in the second, a multiplex system with a carrier 
current. In this book, we shall only be concerned with the electromagnetic 
wave case. 

The essential aim of the calculations in dealing with a multiplex link is to 
balance the different channels in such a way as to obtain a uniform informa¬ 
tion rate; this is termed matched coding. The basic symbols are then equally 
probable and the capacity of the HF transmission channel is 


C — «^ HF l0g 2 
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The efficiency of the multiplex system is defined by the ratio of the in¬ 
formation rate which can be used in the p channels to the capacity of the 
transmission channel C, or 

Pfc log (' S 
pR 

n = ~c~ 


3$ log 


K) 
+ dL 


We assume that the frequency band necessary for each channel is constant 
and equal to f C9 and that the ratios which are fixed by the initial conditions in 
each channel are identical. 



Fig. III.5. Capacity expressed as a function of the bandwidth in normalized units. 


The efficiency, so far as information is concerned, is therefore inversely 
proportional to the capacity of the transmission channel. 


C = SI log 


-('-I i 

J HF„ 


For a given signal level 


C = 3» log 1 + 




and this is shown plotted in normalized form in Fig. III. 5. 

When the bandwidth tends to infinity, the capacity reaches a maximum 
and is equal to 

c mm = — log 2 e bits/sec. 
k 
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We introduce the normalized quantities, 

a , S/N 

r = - and s =-; 

pfc (5 , /7V)hf 

r and s represent respectively the spreading of the band and the increase 
in the signal-to-noise ratio in the multiplex system, compared with a system 
which has p distinct channels. The expression for the efficiency becomes 


1 log SIB 



The values of r and s are proportional to ^ HF . This gives the following useful 
result: the information efficiency increases when the HF band is narrow for 
a given low frequency signal-to-noise ratio. The problem, therefore is to get 
the maximum amount of information into the minimum acceptable band¬ 
width. 


III.5. SOME EXAMPLES OF THE APPLICATION OF THE CONCEPT 
OF INFORMATION EFFICIENCY 

The information efficiency for the various different kinds of ordinary 
modulation will be compared, assuming that a LF signal can be distinguished 
when the power ratio, S/N is equal to two, and employing a single channel 
link (p = 1). 

Applying the preceding results to the case of amplitude modulation we have 


The expression s = ——— is proportional to the ratio of the useful power 
{SIN) hf 

in the band f c to the HF power in the sidebands, and inversely proportio¬ 
nal to the ratio of the bandwidths. This means that 


- = 1 . 


For amplitude modulation, there fore, the optimum efficiency is given by 

, x 1 log 2 

0?A M )opt = — ;---77 = 30 per cent. 

2 log [1 + 2] 

In the case of frequency modulation, the HF bandwidth is 

® = 2 (m + 1 )/ c , 


and therefore 


r = 2 (m + 1), 
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and the ratio s is equal to 1 /3m 2 . The efficiency ?/,. M is therefore of the form 


(*?FM)opt — 


1 


log (SIN) 


2(m + 1) 


log 1 -)- 3 m 2 — 
N_ 


In Fig. III.6 rj FM is plotted as a function of m for various values of the 
ratio S/N (2 ,4 and 10). 



Fig. III.6. Information efficiency in FM as a function of the modulation 

index. 


For a given modulation index m , the improvement obtainable by increas¬ 
ing the ratio S/N is slight, remembering the difficulties which have to be 
overcome if high values of the ratio S/N are to be achieved. 

It is seen that the information ratio is relatively poor when the modulation 
index is greater than or equal to unity, compared with its value in amplitude 
modulation. 

For very small values of m, we have 

<^hf — 2 fc 

or r = 2, and the information efficiency becomes equal to that of amplitude 
modulation. 

In the limiting case, S/N = 2, the efficiency becomes 


*?fm — 


^7 AM 

m -f 1 
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As a result, the information efficiency is always less in FM than in AM, 
whatever may be the value of m. In the case of single sideband modulation 
we find 

r = 1 and s = 1 
and the efficiency is therefore 



In order to compare this with the other modulation systems, we write 
SjN = 2, and we obtain 

Vssb = 50 per cent, 

which is, by far, the best result from among the three modulation systems 
considered. 

Consider now the information efficiency of a PCM system. The minimum 
information rate of the message is 

R = n log M. 

If q is the total number of digits, the number of levels, M is equal to 2 q . 
The rate of transmission n is the minimum frequency of the pulses, 2#F max ; 
F max is the maximum modulation frequency. 

Thus 

■^min = 2#F max log 2 q 
= 2? 2 F max log2. 

The minimum bandwidth which is necessary to transmit the coded mod¬ 
ulation with q binary digits (bits) is 


= qFm 


thus the capacity of the channel is 


c = qF max log 



and the efficiency, therefore, can be written in the form 



2 q log 2 

, C Si' 

log 1 + — 

L 
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In the Chapter entitled “Radio links for remote-control and telemetry 
equipment, regarded as multiplex systems” (VI), it is shown that for coded 
modulation, the signal-to-noise ratio is expressed by 

S/N = 6p 2 

in which p is the number of quantization levels: 

p = 2 <9_1> . 

The efficiency, therefore, may be written as 

^ 2 q log 2 

^ log 6 + 2{q — 1) log 2 

For example, taking q = 7; rj is equal to 0*96. This value is a maximum, as 
it corresponds to minimum bandwidth. In the majority of cases, the band¬ 
width accepted is 1*5 ^ min , and the efficiency becomes 

tj = 0*64. 

From the point of view of information, the PCM system is a most attractive 
one. 

III.6. SENSIBLE USE OF INFORMATION FOR LONG-RANGE LINKS 

There are two equally good ways of ensuring the security of a link over 
a very great distance: either only the minimum amount of information 
which is strictly necessary is transmitted, or alternatively, a high redundancy 
is used. 


III.6.1. Limitations on the Information to be Transmitted 

The noise is proportional to the width of the frequency band which is used, 
and wence the latter is restricted to the absolute minimum; this presumes 
a knowledge of the signal. 

The signal, may, for example, contain within its spectrum components at 
less than 10 c/s, onto which are superimposed oscillations of about 100 c/s. 
The main signal at 10 c/s is transmitted with a signal-to-noise ratio of 1/x, 
a function of the desired accuracy (x per cent), separately from the super¬ 
imposed oscillations and along two quite distinct channels. The relative 
amplitude of the latter oscillations is y per cent, and it is transmitted with a 
lower signal-to-noise ratio yjx . 

The total capacity, therefore, is 

1 + - j + 100 log ^1 + . 


C = 10 log i 
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For 

x = l per cent and y — 5 per cent, 

C = 101og 2 100 + 1001og 2 6 = 327 bits/sec. 

Had the signal been transmitted along a single channel, with bandwidth 
100 c/s, and a S/N ratio of 100, the necessary capacity would have been 

C' = 1001og 2 100 = 670 bits/sec. 

There is thus a saving of information, in the ratio C'jC = 2. 


III.6.2. Instruments with a High Redundancy 

We can also conceive of the converse possibility. Consider the case of 
PCM transmission, in which a word is defined to be the combination of three 
digits. Allotting two extra digits “1” to each word, a word will only be taken 
into consideration if there are two digits “1” among the “5” suitably placed. 
We thus eliminate random fluctuations at the receiver, and at the same time 
increase the signal-to-noise ratio. 

These highly redundant arrangements are extremely interesting, above all 
where a jammer is liable to interfere with the useful signal. In general terms, 
the principle behind the arrangement consists of introducing auto-correlation 
between the symbols which define the useful signal. 

These high-redundancy processes will prove to be more particularly 
applicable to remote-control systems. 


III.6.3. An Example of Detection with Correlation 

The problem is to detect a signal in the presence of noise. We first estimate 
the useful signal and compare it with the real signal. 

Let F be the assumed signal, and S and N the real signal and the noise at 
the input of the detector respectively. After forming the product r(S + N ) 
= rs + jFN, the signal is passed through a low-pass filter which smooths 
the information to rs and 7W, and we finally obtain the signal FS 4* rN. 
After filtering, the noise N corresponds to that in the low-pass filter band, 
and the signal-to-noise ratio at the output of the apparatus is 

rs _ s 

Tn n 

But, the noise TV, which is proportional to the low-pass filter bandwidth, is 
far weaker and the useful signal S can be extracted. 
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Figure III.7 is, a block diagram which illustrates this principle. Consider 
a standard FM receiver to which is added a feed back loop (see Fig. III.8). 
The frequencies of the supply and of the output of the controlled oscillator 
are denoted by / and f 2 respectively: 


fi = foi + 4/i sin Qt, 


fi =/o 2 + 4/2 sin Qt. 



Fig. III.7. Correlation detection. 



Fig. III.8. FM detection with feedback. 


At the output of the mixer stage, the IF frequency is 


/if = ( fi /O = (/01 ~ f 02 ) + iAfi — 4/i) si n Qt 

= (/if)o + ~ 4/i) si n Qt . 

In the case of a standard receiver, the bandwidth necessary at the IF to 
transmit the modulation is 


^ = 2(4/ + F max ). 
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With the feedback system, the bandwidth becomes 


& = 2 {Ah ~ *h + ^max) 


and the reduction, therefore, is expressed by the ratio 


or 


4/i ~ 4- F max 

^/l + ^max 


P = 1 " 


4/2 


4/l + Fm 


~ 1 — 


4/i ’ 


The influence of the noise, therefore, is reduced in this same ratio. 


III.7. CODING 

We have seen that a message is defined by the symbols emitted by a 
source. To code a source of symbols S t is to substitute combinations of other 
symbols S t for them. The conversion from the first to the second constitutes 
the mechanism of coding. It is obvious that the coding must be reversible, as 
it must be possible to reconstruct the original message, defined by the sym¬ 
bols S t , from the symbols SI which are received. The operation which is the 
opposite of coding, at the receiver, constitutes the mechanism of decoding. 
Four different classes of coding can be distinguished: physical, digital, 
statistical and secret. 


III.7.1. Physical Coding 

This consists of converting one primary physical quantity into another (the 
secondary quantity). This operation is performed by a converter. The primary 
quantity might for example be a pressure, a displacement, or a sound. The 
secondary quantity is usually of an electrical nature (voltage current, fre¬ 
quency or phase). 

The conversion effected by the converter must be linear as far as is possible 
so that the secondary quantities vary in direct proportion to those of the 
primary physical phenomenn. This is the basic problem in telemetry. Mod¬ 
ulation is a relatively general case of this transformation. This type of coding 
takes no account of the relations which may exist between the symbols of the 
source. It is a practical means of transmitting a message which is better adapted 
than the original to the radio link which is to effect the transmission. The con¬ 
version of one physical quantity into another is of an analogue nature; it is a 
icontinuous transformation. This continuity, which seems a priori advanta¬ 
geous, in fact represents the main handicap of the method. The variations in the 
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signal can in fact be caused not only by those of the primary quantity, as 
required, but also by subsidiary and random factors such as temperature, 
voltages, and ageing of the componends; in short, by all the causes of error 
classified together in Chapter I under the heading of systematic errors. This 
is the reason why digital coding is often used in instruments for remote- 
control, telemetry, and distant-signalling; the mode of operation and the 
advantages of this type of coding are now considered. 


III.7.2. Digital Coding 

The continuous message is quantized into M distinct levels, as we have 
already seen. 

The maximum number of coded combinations which it is possible to define 
with a number-system of base b is b n , where n is the number of binary digits 
(bits). As a result, if one of the M = b n possible combinations is allotted to 
each level, a number 1 < N < M will be expressed in this system in the 
form 

N = a n b n ~ l + o n ~\ + *** + # 2 b l + a ± b 0 . 

With each digit a k is associated a weighting factor 6 (k-1) . The number N is 
the weighted sum of the digits. As is seen in the appendix to this chapter, the 
most suitable system is the binary system (b — 2). 

The quantization error is equal to 

e = 1/M = b~ n 

or in the binary system 

£ = 2 ~ n . 

It is the number of binary digits in the code, n , which determines its accuracy. 
In the natural binary system, the number 23 is written 

16 + 4 + 2+1 

or 1 x 2 4 + 0 x 2 3 + 1 x 2 2 + 1 x 2 1 + 1 x 2° 

or 10 111. 

In a weighed code like the natural binary system, the digits 0 and 1 are 
weighted according to their positions. The weights are set in decreasing order 
from left to right. There are, however, unweighted codes in which only the 
grouping of the digits is of importance, and this is the case of the reflected 
binary code. Two consecutive levels then differ only by a single binary digit. 
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In a reflected binary code with n digits, symmetry properties appear with 
respect to the axes which lie between the levels: 

(2 (n ~ 1) - 1) and 2 n ~ x 

(2 (n ~ 2) - 1) and 2"~ 2 

(2 2 - 1) and 2 2 
(2 1 - 1) and 2 1 



Fig. III.9. Construction of the reflected binary code. Example: 9 = 1101. 


This code can easily be constructed by means of Fig. III.9. The fact that 
only one digit varies at a time on changing from one level to the next restricts 
the possibilities of error in coding. Let us take a concrete example: assume 
that the level in question lies between 7 and 8. In the natural binary code, the 
level 7 is represented by 0 1 1 1 and the level 8 by 1 0 0 0. For the level 7*5 
therefore, the coder would oscillate between the two alternatives which 
represent two complementary states (digit 0 replaced by digit 1 and vice- 
versa). 
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In the reflected binary code, on the other hand, the level 7 is written 
0 10 0 and the level 8, 110 0. For 7*5, the coder would give 0100 or 
1100; the possible error is therefore of a single digit only, which 
corresponds to one quantization interval. It is only necessary to choose a 
number of levels n high enough to minimise the error to within the desired 
value. 

The fact that the code is unweighted does, however, result in a more com¬ 
plicated decoding system; it is, in fact, necessary to convert the reflected 
binary into natural binary code at the receiver, before finally decoding into 
the original quantity. 


III.7.3. Statistical Coding 

In this coding category the probabilities of the various symbols appertain¬ 
ing to the message are taken into consideration. The message is then divided 
into groups of symbols with different probabilities. The shortest code groups 
will be allotted to the highest probability. In these procedures, it is often 
useful to store the data in a memory. As the transmission time of messages 
of the same length may be spread out to a greater or lesser extent, delays 
have to be introduced into the transmission of certain sequences in order to 
obtain a uniform velocity. This is the case which is most favourable to the 
matching of the message source to the channel capacity. 

We know that the capacity of a channel can only be approached 
(C = J > log 2 (l + S/N )); it can only be reached if the signal possesses the 
characteristics of white noise. The problem therefore, is to ensure an efficient 
transmission with a reduced capacity. It has been seen that the information 
rate R is expressed in the form: 

R = n log 2 M = nH bits/sec 

in which M is the total number of distinct levels (or symbols). 

If the symbols S% appear at a rate of n per second, and are coded into a 
succession of symbols at a rate of N' per second, we have: 

R = R' 
or 

nH = n'H'. 

H and H' respectively are the entropies which correspond to the distinct 
levels. M and M' But in most cases there is a correlation between the different 
symbols, and this reduces the number of similar sequences of a given length; 
thus 

R' > R . 


It is therefore possible to reduce the capacity of the transmission channel in 
the ratio R/R' (the coding is impossible if R* < r). For example, the orders 
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“dive” and “climb”, encounterod in remote control, are mutually exclusive, 
and the correlation which exists between them is exprossed by their simul¬ 
taneous incompatibility. 

It has also been seen that if the symbols are independent, but have different 
probabilities, the value of the entropy is: 

- £P(i) log P(i). 

i 

When, on the other hand the symbols are dependent upon one another, 
when that is to say the probability of the presence of a state is conditional 
upon the presence of a state “y”, we have: 

H = - X AO £ -P(O') log P,(j) 

i J 

= - £ p(J) £ p j(0 i°g PA 0 • 

j t 


Shannon has shown how a code can be constructed, using only the digits 1 
and 0, which takes into account the following two fundamental principles: 
the shortest code group should be allotted to the most frequent sequence, 
and these groups should be distinguished by some other characteristic than 
separation, or some provision should be made to prevent any code group 
from being duplicated. 


Symbol 
denoted by 

Probability 

Code 

No. 1 

1/2 

0 

2 

1/4 

1 0 

3 

1/8 

1 1 0 

4 

1/16 

1110 

5 

1/32 

11110 

6 

1/64 

111110 


Fig. III. 10. An example of a Shannon-Fano code. 


By way of example, consider a possible code distribution shown in 
Fig. III. 10 (the Shannon-Fano code) in which the successive symbols are 
placed in order of decreasing probability. Each group of the code consists of 
a series of digits 1 followed by the digit 0; the presence of the latter is to be 
regarded as symptomatic of the end of a code group. 


RRC. 5 
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In the case of Fig. III. 10 the value of the entropy before coding is found 
to be 


H = 1*7 bits. 


After coding, provided the number of symbols is great enough, the mathe¬ 
matical expectations of “1” and “0” tend to become equal to 1, so that the 
probabilities of “0” and “1” are equal to and the entropy of the system 
becomes 

H' = } login-iiogi = i. 

The improvement factor achieved with this type of coding is 1-7; while 
preserving the same transmission rate, the capacity of the transmission chan¬ 
nel can be reduced in the ratio of 1*7 : 1. 


Symbol 
denoted by 

Probability 

Code 

No. 1 

1/4 

0 0 

2 

1/4 

0 1 

3 

1/8 

10 0 

4 

1/8 

1 0 1 

5 

1/16 

110 0 

6 

1/16 

110 1 

7 

1/32 

1110 0 


Fig. III.ll. Another example of a Shannon-Fano code. 


As a second example, consider another coding of the Shannon-Fano type 
shown in Fig. III.ll. 

The number of digits which correspond to any one symbol varies as a func¬ 
tion of the probability allotted to it, and the operation of differentiating 
between symbols is effected by aknowledge of the digit on the right. 


III.7.4. Secret Coding 

This is the problem which appears mainly when a tactical missile is to be 
remote-controlled, and must not be interfered with by enemy transmissions. 
A series of “keys” are prepared which will unlock the receiver. Only the 
“friendly” signallers know the secret of the combinations, and can arrive at 
the succession of steps which alone lead to eventual detection. 
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Coding here consists in having at one’s disposal a whole range of com¬ 
binations in cascade, which can be rapidly changed, so that the enemy will 
be ignorant of which one is in use at any given time. 

This is a problem of a different nature from the one of methodical coding 
studied earlier within the framework of information theory. These systems are 
necessarily so highly redundant that a perturbation of an element does not 
result in disturbance of the whole. 

The receiver of the remote control system lies within the missile itself, so 
that the space at one’s disposal is limited; a choice of coding method which 
avoids an unneccessary multiplicity of circuits is therefore necessary. Some¬ 
times a more complicated coding method is used in order to allow the decod¬ 
ing to be performed with the minimum of circuitry. 

One efficient means of secret coding consists in transforming the original 
signals with the aid of supplementary signals. To modify the message and to 
make it intelligible, the entropy of the supplementary signal must be greater 
than the quantity of information contained in the original message. It should 
be impossible to extract the useful information contained in the message 
without a knowledge of the auxiliary which has been superimposed on the 
original. As a result there will be correct reception only if the jammed signal 
and the supplementary signals are handled simultaneously at the transmitter 
and the receiver. This synchronism is possible by establishing beforehand a 
programme of transformations for the signals. 


III.8. METHODS OF CODING AND DECODING 

We shall now consider briefly a few practical ways of solving the problems 
set by coding and decoding, which are used in industry. 


111,8.1. Digital Coding 

This transformation can be carried out in several different ways, by employ¬ 
ing either photo-sensitive elements, capacitative effects, the properties of the 
cathode ray tube, or purely electronic circuits. 

Consider a disc which is free to rotate about its axis and which is provided 
with slits through which the light from a lamp can pass. A diaphragm is placed 
facing the disc to prevent the photocells from being affected by adjacent 
light beams (see Fig. III. 12). 

For a binary cede with n binary digits, for example, we use n photo-sensitive 
elements. The positioning of the slits on the disc corresponds to the coding 
which has been selected (natural or reflected binary). The presence or absence 
of a slit corresponds to the digit 1 or 0. This arrangement is ideal for 
the transmission of an angle. To transmit a voltage, the coding disc is 
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attached to the needle of a voltmeter. In general the electrical or mechanical 
quantity which is to be coded determines the angular position of this disc. 

The photo-sensitive elements are often photo-diodes or photo-transistors, 
which provide relatively large currents, which can be used directly. Thus all 
the digits of the code are given simultaneously set out in a “parallel” form. 

Another type of parallel coder has been studied by the CNET*- known 
as a multiple-frequency coder. It is arranged that the information is applied 
to the coder in the form of a series of pulses of variable duration. When a 
pulse appears, n oscillators (in the case of a code with binary digits) are 

Light 



Fig. III. 12. Coding disc. 



Fig. III. 13. Operation of a multiple frequency coder. 


* Centre National d’Etude des Telecommunications (France). 
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2 2r 

Fig. III. 14. Coding by means of stages in cascade (Smith). 



Fig. III. 15. Comparison circuits. 


triggered off. The frequencies of these n oscillators are equal to 2°/ 0 , 2%, 
2 2 f 0 , ..., 2 n ~ 1 / 0 respectively, with f 0 = lI t where t is the maximum pulse- 
length. A pulse is produced by differentiation of the falling edge of the input 
pulse and is compared for coincidence with the n oscillator states. In the case 
shown in Fig. III. 13, when the pulse 1 to be coded is compared with the 
sinusoidal signals (lines 1, 2 and 3) then we obtain the code 10 1. We 
notice that the greatest weight is associated with the lowest frequency. 

When remote-control instructions are to be transmitted as pulses, the 
simplest means of coding is to open or close a relay. Suppose there are four 
remote-control commands to transmit; a number is allotted to each and it is 
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only necessary to translate the presence or absence of this order into the 
binary system to achieve a means of coding the order. 

A very interesting coding system is that due to B.D. Smith, employing 
stages in cascade (see Fig. III. 14). The input voltage is compared with a 
reference voltage, judiciously chosen for each stage. If the comparison reveals 
that the input signal is higher than or equal to the reference potential, the 
comparison circuit indicates “1”, and a subtractor deducts the reference 
voltage from the input voltage; otherwise, it registers “0”, and the input 
signal passes on to the next stage unaltered. 

By using separate references for each stage, the output of each subtractor 
is multiplied by two, and each reference voltage is made equal to 2 W_ ‘ 1 £ volts, 
where e is the quantisation level and n is the number of stages used. 

The comparison circuit is a Schmitt trigger, or a Multiar circuit (see 
Fig. III. 15) which gives an output signal of 0 volts when the input voltage is 
less than the reference R (and — R in the opposite sense). The gain in each 
amplifier is equal to two; if V J - 1 is the output voltage of the y-th amplifier, 


we have: 

Vj -1 = 2 (Vj 

- RDj), 

where 

(0 if 

Vj < R 


Dj = \ 



ll if 

Vj>R 


Consider the example of a five-stage coder, calculated to work with an input 
which may vary from zero to 31 volts. 

M = 2 s = 32. 

The quantization error, e , is therefore 1/volt and the reference potential is 
2 (5 ~ 1) = 16 volts. 

For an input potential of 23 volts, 

= 23 implies Z> 4 = 1 

V 3 = 2(23 — 16) = 14 implies D 3 = 0 

V 2 = 2 x 14 = 28 implies D 2 = 1 

V x = 2(28 - 16) = 24 implies D x = 1 

V 0 = 2(24 — 16) = 16 implies D 0 = 1. 

III.8.2. The Parallel-Series Code Converter 

Very often, the information is first coded in parallel form, and then trans¬ 
mitted in series form. To perform this transformation, code transformers are 
required. By distributing the information cyclically, it is possible to transmit 
several sets of information along the same channel. 
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There are two kinds of code converter or adaptor: “delay-line” systems 
and bistable systems. In the first (see Fig. III. 16), clock the signal is applied 
to the input of the delay-line, and simultaneously, the parallel code is fed into 
coincidence circuits. The signal appears in series form at the output of the 
coincidence circuits. 



Fig. III. 16. Parallel-series converter using a delay line. 

We must ensure that the frequency of the clock signal and the total 
delay introduced by the line are compatible with the duration of the interval 
over which the pulses of the parallel code are applied. 

Another system with which carries out a parallel-series code transformation 
depends upon the use of a series of bistable elements, and this is the procedure 
in most common use. Often a small magnetic core with a rectangular hyster¬ 
esis loop is used as the bistable element (see Fig. III. 17). 



Fig. III. 17. Cores with a rectangular hysteresis loop. 


The magnetic material has two stable states which correspond to the 
saturation flux densities -F B s and — B s , which are taken as the states “1” 
and “0” respectively. A voltage is induced across the winding 2 only when a 
change of state occurs. 

Suppose that by means of a diode, connected appropriately in the second 
winding, we arrange that a usable voltage is induced in winding 2 only 
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when the change of state is from state 1 to state 0; thus, the change from 0 
to 0, from 1 to 1, or from 0 to 1 yields the digit “0”, whereas changes from 1 
to 0 yields “1”. 



Fig. III.18. Parallel-series converter with bistable elements. 


Consider an actual example: a message coded in the binary system in par¬ 
allel form, the number 1101 say, is required in series form. The number is 
applied to four bistable elements as shown in Fig. III. 18. 

® ® © ® Outputs 

oooo 



Fig. III.19. Sequence of operations in a parallel-series converter using bistable 

elements. 


The circuits A, B, D change from state 0 to state 1, while circuit C remains 
in state 0. The states of the circuits are 1,1,0 and 1 respectively. A clock 
pulse resets the circuits to zero, and those which pass from state 1 to state 0 
induce a digit in the subsequent circuit. The procedure can be followed easily 
with the aid of Fig. III. 19. 

At each clock pulse, the system clears itself step-by-step of its digits. Fin¬ 
ally, all the elements are reset to their initial state 0, and the whole process 
can begin afresh. 

It should be noticed that the clock signal frequency must be n times greater 
than the repetition frequency of the code groups if n is the number of binary 
digits. 
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The digits, when they are given in parallel form, appear backwards (the 
reverse of 1101 is 1011). It is necessary therefore to connect the entries in the 
reverse order to obtain the code group in its direct form. 


III.8.3. Series-Parallel Code Converter 

The transformation of a series code into a parallel code is a very simple 
operation; it is only necessary to apply the synchronization pulse to a delay 
line, and to form coincidences between the signal in its series form and the 
delayed pulses obtained from the line, as shown in Fig. III.20. 


Synchronization 



Parallel code 
output 


Synchronization 
pulse 


’ipu 


Output No.l fp 


No.3r 


No.4 


i ! 


Series code 
input 1101 


JT. 


_n_ 


Ji 


Output from 
coincidence gates 


Fig. III.20. Series-parallel code converter using a delay line. 


At the output from the coincidence circuits, we obtain pulses whose 
phases are varied to a greater or lesser extent according to the weights 
associated with them. Thus the outputs 3, 2 and 1 correspond to phase 
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changes of <p, 2<p and 3 <p respectively. For a code with n binary digits, (n - 1) 
phase shifts are necessary. 

When biased transistors or valves are used as bistable devices, the reason¬ 
ing is identical. 

III.8.4. Digital-analogue Decoding 

This process is the inverse of coding. Starting with a number expressed in 
the binary system, an analogue quantity is produced (current, voltage, or 
displacement for example), proportional to the quantised value of the code, 
corresponding to this number, or more exactly to this coded combination. 
The device which performs this transformation is styled a “decoder”. 
Decoder inputs are usually in parallel code, and the analogue quantity is 
usually a current. 



Fig. III.21. A general arrangement for decoding. 


A source of direct current, at a constant voltage E , is connected to n 
variable resistance devices R t , R 2 ,..., R„, which correspond to the n binary 
digits of the code. An element R t has a finite resistance in the presence 
of a digit “1”, and is effectively infinite in the presence of “0”. The values of 
the resistance R l9 R 2 , R„ are proportional to the respective weights 
2°, 2 1 , 2 2 , ..., 2" associated with each moment.The general arrangement is 
shown in Fig. III.21. 

The elements R f may consist of circuits which display an infinite resistance 
in their unenergized positions. When a digit “1” is applied to the control 
winding, the contacts close and the voltage E is connected across the ends 
of the resistance R t = 2 l R. 

Consider a code group with four binary-digits 1101, which is to be trans¬ 
lated into analogue form. The states of the elements R t , R 2 , R 3 and are, 
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The current / which passes through the milliammeter is / = E/q , in which 
q is the equivalent resistance of the bank of resistors in parallel, namely 


2 

Q 


R t R 2 R 3 R^ 


The maximum current, / max , is given by 


or 


E 


£?min 


*(1 + 1 

R \8 4 



15 E 
8 R 


The minimum current is zero. 
For the combination 1101, 


e 



22 
SR ' 


The current / therefore has the value I = 11/15 / max . 

Diodes can equally well be used for the switching elements R t , and 
would present finite or infinite impedances according to their biasing. Again 
transistorized elements can be used; these would normally be cut off by 
means of Zener diodes, and would conduct only if a pulse in the right sense 
was applied to their bases. In both cases, the milliammeter measures the sum 
of the currents which flow through the switching circuits. 

There are other decoding devices, such as the coincidence decoder, in 
which the analogue converter again works by forming the weighted sum of 
the code pulses it receives. 

The RC circuit decoder is based on the discharge characteristic of a capa¬ 
citor, and on the fact that between two code pulses the charge in the capa¬ 
citor reduces by half. 


APPENDIX —REASONS FOR CHOOSING THE BINARY SYSTEM 

Every measurement of a physical quantity can be reduced to the deter¬ 
mination of an amplitude which is expressible in the form of a number 
(1 volt, 12 volts ...); the choice of the base b of the notation is thus of prime 
importance. 

Any number A can be written in the form A = a t + a 2 b + a 3 b 2 + + 

-t* a n b (n ~ X) . The power n attached to the base represents the relative weight 
of the corresponding coefficient. 
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The number of combinations which can be defined is 

M = 6". 


and the quantity of information, therefore, is 

Q = n log b = log M. 


The number of circuits will be a minimum if the product nb is a minimum, 
the quantity of information remaining constant. We write 


y = nb = 


Qb 
log 6 


and differentiate: 
d yjdb = Q 


1 b 11 

v 

q r 

1- 1 1 

_log6 (log6) 2 6_ 

log b 

log b _ 


dyjdb is zero when log b — 1, or when b = e = 2*7, and the closest whole 
number is therefore 3. The function y has a very flat minimum, and for 
b — 2, we find 6/log b = 2*8, whereas for b = 3, we have 6/log 6 = 2*7. The 
binary system is more practical than the trinary, and for this reason the binary 
system of counting is usually employed whenever the system permits it. 



CHAPTER IV 


LIMITATIONS ON INFORMATION 


We have seen that the maximum rate at which information can be trans¬ 
mitted along a communication channel is limited by the disturbances which 
naturally exist in all transmission. It is these disturbances which form the 
subject of this chapter which is divided into four parts—the study of the 
phenomenon of noise, jamming, systematic errors, and finally, distortions. 

It is difficult in a single chapter to cover every aspect of the problem of 
perturbations since they are in a sense infinite in number and the origins of 
some of them are still imperfectly understood. 

When we replace these complex phenomena by parameters such as noise 
factor and measurement threshold we are expressing in concrete form the 
limits to which a calculation of the maximum transmission capability is sub¬ 
ject. 


IV.l. THE PHENOMENON OF NOISE 

Noise is to be regarded as a parasitic signal, independent of the useful signal 
onto which it is superimposed. In this section, the different kinds of noise in¬ 
herent in the components employed and internal and external kinds of noise 
are distinguished. Finally the signal-to-noise ratios in the various types of 
modulation are evaluated to allow a comparison. 


IV. 1.1. Noise Inherent in the Components Employed 
IV. 1.1.1. The Johnson Effect 

The thermal motion of the electrons in a metal obeys the laws of thermo¬ 
dynamics. The free electrons in the conductor constitute what is known as an 
“electron cloud”; they are in continual agitation, and their movements be¬ 
come more unruly as the ambient temperature is increased. The presence of 
this agitation in a resistance R results in a fluctuating e.m.f., e(t). 

If ej is the spectral density of e(t ), 

4 = 4 KRT 

in which K is Boltzmann’s constant 

R is the resistance in question 
T is the absolute temperature. 
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When the impedance is not simply resistive but is complex, Z = X + yT, 
the resistance is replaced by the real part of the impedance, and the spectral 
density of the noise is then 

7} = 4KXT. (IV. 1) 

In practice, the e.m.f. due to thermal fluctuations in a frequency interval 
(/i - fi) is given by 

E = 74KRT(fi -f 2 ) (IV.2) 

K = 1*381 x 10- 23 joules/°K 
T= 273 + t°C . 

The thermal e.m.f. developed in the grid circuit of the first stage of a re¬ 
ceiver is of the order of one microvolt. 

The resistance R is usually in fact the input impedance of a receiver, that 
is, of a valve or a transistor. The input impedance of a transistor is lower than 
that of a valve, and it would seem, therefore, that a transistorized amplifier 
should be better as far as the Johnson effect is concerned. However, there are 
other inconvenient features which detract from this advantage. 


IV. 1.1.2. The Shot Effect 

This is an effect which is present both in valve amplifiers and in transistor 
amplifiers. 

When a direct current is applied to the input of a linear amplifier, the 
voltage at the output is found to fluctuate on a microscopic scale; this is the 
shot effect. It should be noticed that the magnitude of this effect increases 
with increase of the heater voltage of the valves. The noise e.m.f. consists of a 
series of extremely short pulses, caused by the impacts of the electrons emitted 
by the cathode on the anode. In the case of transistors, this noise is the 
result of the current fluctuations produced by the diffusion and recombination 
of electrons and holes in the semiconductor. These impacts and recombina¬ 
tions follow a probability law, as in all randomly varying phenomena, that is 
described by a Poisson distribution. We reach the following result: if i is the 
steady value of the current applied to the input of the amplifier, e the charge 
of the electron, and $ the width of the frequency band, the mean square va¬ 
lue of the fluctuating noise current, I(t ), is 

T 2 = 2 eiOf. (IV. 3) 

A practical way of thinking of the effect of noise is to regard it as a current 
source in the case of transistors, and a voltage source in a valve amplifier. 



LIMITATIONS ON INFORMATION 


79 


The noise e.m.f. produced in the input circuit of the first stage of the ampli¬ 
fier can be determined from the relation: 

E = V( 3-18 x 10— 19 /Z(/! -/ 2 ), (IV.4) 

in which I is the electron current in the valve 

Z is the impedance of the anode circuit at resonance, which we 
assume to be constant over the band ( f x — / 2 ). 

In the preceding discussion, the effect of space charge has not been taken 
into account. In practice, the e.m.f. produced by the shot effect can be taken 
as the order of a microvolt, referred to the grid of the first valve. 

IV. 1.1.3. Noise in Semiconductors (26) 

Apart from the noise due to the ordinary fluctuations which have just been 
described, and which are also encountered in semiconductors, there is a 
special kind of noise peculiar to the latter. It is also found in some types of 
resistor, carbon microphones, and in semiconductor elements in general. 
This noise is caused by: 

(1) The effect of the thermal fluctuations on the recombination velocities; 
this type of noise can be produced synthetically by placing two generators 
between the base-emitter and the base-collector junctions. 

(2) The fact that the leakage current I f at the base-collector junction, bias¬ 
ed in the opposite sense, is the difference between the quiescent current 
Icb 0 and the saturation current, I s . 

If — Icb 0 — h- 

This leakage current increases with the potential, applied between 
the collector and the base, whereas I 5 remains to all intents and purposes 
constant. It should be noticed that the noise increases with the value of the 
leakage current. 

The preceding results can be summarized quantitatively by expressing the 
mean square noise e.m.f. in the form 

7! = KVRf (IV. 5) 

in which K is a coefficient, which depends upon the semi-conductor em¬ 
ployed 

V is the steady potential across the terminals of the semiconductor. 
R is the resistance as measured with an ohmmeter 
& is the frequency bandwidth 
/ is the working frequency. 

The noise potential will therefore be reduced by using small biases and 
low resistances i?. 
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IV. 1.1.4. The Noise Factor 

The best way of indicating how much noise an amplifier produces (re¬ 
gardless of type) is to define a “noise factor” for it. This factor is the ratio 
of the total noise power in the load to the power of the noise which has its 
origin solely in the thermal agitation in the source resistance. The ideal 
value of the noise factor is unity, and the closer this factor is to unity, the 
more closely does the amplifier approach the ideal. 

Consider a succession of quadripoles (or four-terminal networks) connect¬ 
ed in a chain, with gains G u G 2 , G n and noise factors F 1? F 2 ,..., F, 
respectively (see Fig. IV. 1). 



Fig. IV. 1. A series of n quadripoles, gain G n and noise factor F„. 


The total gain, G , of the whole combination is G = G x • G 2 * G 3 •... • G„. 
The overall noise factor, F, of the whole chain has the value 


F = F t 


+ 


F 2 - 1 

Gi 


+ 


F 3 - 1 
G l G 1 


+ ••• + 


F n ~ 1 
G y G 2 ... 


(IV .6) 


When each quadripole corresponds to one stage of the amplifier, the term in 
(F 2 — 1)1 Gi is seen to be negligible, as are thus all the succeeding terms; and 
the overall noise factor is equal to that of the first stage. In other words, the 
noise is, so to speak, localized at the input stage. 

If, on the other hand, two families of quadripoles are considered in which 
the first represents the mixer and the second the I.F. stage, we have 


in which G 1 is now the gain of the mixer. G x , however, is too small for 
(F 2 — 1 )/Gi to be regarded as negligible. 

The noise factor is a criterion of quality which it is often convenient to 
employ when comparing two similar elements. Thus, for example, for input 
resistances smaller then 1000O, the noise factor of transistors is lower than 
that of radio valves. For an input resistance of 1000 Q, the noise factors of a 
vacuum tube and a transistor are of the orders of 8 db and 4db respectively. 
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The noise factor of a transistor is a function of the frequency employed, as 
we show in Figs. IV.2, IV.3 and IV.4. From Fig. IV.2 it can be seen that the 
noise in the semiconductor itself varies predominantly as l//in part (A) of 
the curve, whereas in part (B), the noise is independent of the frequency. When 
the frequency increases, the gain of the transistor decreases and the noise 
increases. As a general rule, the noise begins to increase for / > fj 10 when 
f a is the cut-off frequency. 


IV. 1.2. Atmospheric Noise 

Under this heading, we shall collect together a variety of phenomena, the 
causes of which are often known, but which can only with difficulty be ex¬ 
pressed in a quantitative manner. It is particularly important to take these 
into account with missiles travelling at very high altitudes, or designed for 
travel through interplanetary space. 


IV. 1.2.1. Environmental Noise 


This noise of is meteorological origin, and affects the propagation of radio 
waves in the atmosphere. The air is agitated in summer by convection cur¬ 
rents as the earth heats up, and this imparts a certain heterogeneity to the 
ambient medium. 

The atmospheric turbulence caused by depressions and winds is also a 
source of zones which may deflect electromagnetic radiation. 

The resulting perturbed medium is relatively homogeneous, but certain 
atmospheric layers have different water-vapour densities, and the saturated 
vapour pressure varies with the altitude. A modification of the refractive 
index of the atmosphere results, and this disturbs wave propagation. 

In more general terms, tropospheric disturbances are caused by variations 
in the refractive index, and are particularly noticeable at relatively high fre¬ 
quencies. An expression which allows the refractive index to be calculated as 
a function of the temperature Tin °K, the pressure P in mb, and the saturated 
vapour pressure e s in mb is commonly given in the form 
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(n - 1) 10® = — ( p - e s + 
T 



The refraction error is then 


AE = cot E • — 
H 


(w 0 “ «) dA 


in which E is the site angle, n 0 the refractive index at ground level, n the 
refractive index at an altitude h and H the altitude of the missile. 


RRC.6 
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Fig. IV.2. Variation of the noise factor of a p-n-p transistor as a function of the 
cut-off frequency f a . 



Fig. III.3. Variation of the noise factor of a transistor as a function of the 
emitter current (common base connection). 



Fig. IV.4. Variation of the noise factor of a transistor as a function of the 
resistance of the source (common base connection). 
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For great altitudes, 


AE ^ (n 0 — 1) cot E //radians. 
Under the same conditions, the distance error is 


AR = cosec E 


(n — 1) d h. 


In the ionosphere, the refractive index becomes 



in which N e is the electron density per cubic metre, and/is the frequency in 
question. 

Atmospheric fluctuations give rise to noise of a rather special nature 
which is related to the dynamic properties of the atmosphere, such as changes 
of pressure, temperature, or humidity. The presence of clouds is the predo¬ 
minant effect in the troposphere, whereas variations in the electron density 
dominate in the ionosphere. 

Atmospheric noise is appreciable in radio transmission at frequencies 
higher than 500 Mc/s. For frequencies of the order of 1000 Mc/s, the polari¬ 
zation of the wave is affected in the ionosphere, by an unpredictable amount. 


IV. 1.2.2. Cosmic Noise 

This kind of noise is the result of ionization in the upper atmosphere; it 
includes solar noise, which is related to sunspots, and these are more or less 
active according to the year. This noise may therefore be ten times greater 
during a period of widespread solar eruptions than during a quieter period. 

The noise power density of these sources tends to increase when the fre¬ 
quency increases. For an omnidirectional receiver aerial, localized within the 
earth's orbit, the cosmic noise at 250 Mc/s would be ten times less than the 
noise in the ordinary kinds of receiver in present use. In ultra-sensitive 
equipment such as masers and parametric amplifiers, the receiver noise-level 
is reduced one hundredfold and as a result, the effect of cosmic noise on the 
clarity of transmission must be taken into account. 

In radio astronomy, it is found that noise is more intense in the directions 
of the nebulae and of the sun. It is to be remembered that the radiation of 
radio waves by the sun, as detected by a terrestrial receiver, is on the average 
10~ 22 watts/cycle m 2 of the surface illuminated/ 44 * 

It is essential therefore to take these quantities into account when an 
electromagnetic wave is to be transmitted to a satellite or vice versa. It has 
been found that the optimum frequency for interplanetary links lies between 
100 and 300 Mc/s. In this frequency range, the noise factor of receivers is of 
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the order of 2 or 3, with the result that the corresponding noise power is 
equal to 

P N = 1*2 x lO -20 watts/cycle, 
and the cosmic noise power can be written 

P cos — Ax 10~ 22 watts/cycle, 

A is the surface equivalent to the paraboloid of revolution of the terrestrial 
aerial; A = 5/2. The minimum total noise is achieved by arranging that 

P N = ^cos 

which implies a surface area of 240 m 2 . 


IV. 1.3. Pulse Noise 

Pulse noise is caused by external phenomena such as electrical discharges, 
static atmospheric electricity and atmospheric phenomena. 

The analytic expression for a pulse can be expanded in the form of a Four¬ 
ier series, but only a fraction of the components forming the series can enter 
the receiver. Everything depends upon the bandwidth of the latter and the 
amplitude of the useful signal. 

When the repetition frequency of the pulses is constant and equal to F, 
the bandwidth of the receiver is liable to accept any harmonics between nF 
and (n + k)F . The spectrum can be regarded as continuous only if the 
pulses occur at a far lower rate than the central frequency of the receiver, 
and one is led to study the effect of white noise on the behaviour of the useful 
signal. If this repetition frequency is greater, the problem becomes a more 
complicated one, and it can be shown that the signal-to-noise ratio passes 
through a minimum, the value of which is of the form 

(—\ = —-— KQ (IV.7) 

V-N/min Aw V 2 

in which K is the coupling coefficient between the receiver circuits, E is the 
amplitude of the useful signal, and 2 Aco is the bandwidth of the receiver. 

When the repetition frequency of the pulses is random, the calculations 
rapidly become unmanageable. 

It should be emphasized however that in these cases protection against 
such noise can be efficiently ensured by reducing the receiver bandwidth to 
a minimum. 
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IV. 1.4. Calculation of the Signal-to-Noise Ratio for Various Different Types 

of Modulation 

In this it is assumed that the noise in question is a fluctuating noise, the 
high frequency part of whose spectrum is uniform; the sensitivity of the 
receiver to noise will be characterized by a coefficient K . 

In the case of ordinary amplitude modulation, the signal-to-noise ratio 
takes the form 

s_\ = peak power 

k n) am 4 im 


in which ^is the bandwidth occupied by the modulation and m is the modula¬ 
tion index. 

To compare the various signal-to-noise ratios with that of amplitude mo¬ 
dulation, we must define a typical modulation index which we shall call 
100 per cent, and (IV.8) becomes 

S \ _ carrier power 

n) am ” 2 m 9 

The power of the carrier wave, P p , is in fact equal to 


P = m x P 
4 


peak • 


In this expression, we have assumed implicitly that there is no correlation 
between the noise components in the two sidebands. If this were not so, there 
would be parasitic modulation at the transmitter, and the signal-to-noise 
ratio would be less than the value given by the equation. 


IV. 1.4.1. The Signal-to-Noise Ratio in SSB Modulation 
The ratio takes the form 



The signal-to-noise ratio efficiency is defined to be 
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or 


P 


peak 





1 p 

peak 


m 


The gain of single sideband modulation over ordinary amplitude modulation 

is therefore D 0 „ 

Rssb = 8 = 9db. 


IV. 1.4.2. The Signal-to-Noise Ratio in FM Modulation 

Let / be the frequency of the carrier wave; a noise component of frequency 
ft will enter the receiver if it lies within the bandwidth of the latter. The 
signal-to-noise ratio takes the value 

P - Af 2 
=- x 3 —-- 

FM 2KF max (^max) 2 

in which Af is the variation of the carrier frequency and F ^ is the maxi¬ 
mum frequency of the modulation. The gain with frequency modulation 
is therefore 

R FM = 3 ———. (IV. 10) 

(^ax) 2 

The ratio Af/F max represents the modulation index, and the improvement 
is more pronounced as this coefficient is increased. 

IV. 1.4.3. The Signal-to-Noise Ratio in Pulsed Modulation (PAM) {53) 

If a signal plus noise is sampled at a repetition frequency f r by means of 
short pulses, we can show that after sampling and filtering (with a low- 
pass filter of cut-off frequency / r /2) the signal-to-noise ratio is equal to its 
value before sampling. 

It should be noted that sampling a signal on which noise is superimposed 
reduces the signal-to-noise ratio by a factor F max /<5 in which F max is the maxi¬ 
mum LF frequency to be transmitted and <5 is the limit of the noise band 
(0 - <5). 

PAM modulation. When the noise is white, with constant spectral density 
b(f ) = b 9 the signal-to-noise ratio for PAM modulation is 

S\ ^J \ : _ 

A7pam 2F max b(fW 

in which P is the mean power in the samples, 

f r the repetition frequency of the sampling, 

f c = the useful bandwidth of the pulses (— |0). 
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On introducing the duty factor 0/2, the efficiency, in comparison with 
amplitude modulation, is equal to 

R _ ® 

AM “ — • 

T 

This is true only provided the carrier powers during the transmission of the 
pulses and during the amplitude modulation are identical. 

PAM-FM modulation. When the frequency of the carrier wave is modulat¬ 
ed, one benefits from the advantages offered by this type of modulation, and 
the overall efficiency is equal to the product of the efficiencies, thus: 


-^PAM-FM — R 


PAM 


x R 


FM 


= 1 X 3 — 

T f?' 

Alternatively, this can be written 

SS\ = /S\ x 3AF 2 

\ N / pam - FM / PAM / c 


(IV.ll) 


(IV. 12) 


IV. 1.4.4. Signal-to-Noise Ratio in PPM and PDM Modulation 

The noise appears as a lack of precision in the positioning of the leading 
or falling edge of the pulse. The noise peaks must occur with a probability 
of less than 1/1000 if the perturbation which they produce is to be negligible. 
We must introduce the requirement that the power of the carrier during the 
pulse exceeds twenty times the noise power during the same period. 

If 8 denotes the rise-time of the pulse and AT the maximum displacement 
due to the modulation, the signal-to-noise ratio takes the form: 

_ -^peak / ^-^effective 

PPM -^noise \ £ 

For sinusoidal modulation, 

AT & ffective 

and 

(S\ ^ Carrier (AT \ 2 

V N ) ppm F noise \ 8 J 

The gain with this kind of modulation is thus: 


AT 

V2 
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IV.1.4.5. The Signal-to-Noise Ratio in Coded Modulation (PCM ) {53) 


At this stage, quantization noise, also termed granularity noise, will be left 
aside and considered later with distortion noise. In the present section we 
only attempt to define the signal-to-noise ratios which result from fluctuating 
noise, and not those which are dictated by the modulation itself. 

We denote by A the amplitude of the pulses after detection. The pulses are 
“read” at the level Aj 2; a pulse, equal to or greater than Ajl in amplitude, 
indicates the presence of the digit “1”, while the contrary indicates the digit 
“0”. Noise, greater in amplitude than Ajl , will thus clearly introduce errors. 

The probability distribution of the noise amplitude * is 


P(x) = 


r^jiTt 


2 r 2 


in which T is the root mean square value of 


r 2 = 


"00 

x 2 P(x) dx. 

J — OO 


The probability of the level being greater than Ajl is therefore 


or finally, 



in which I7(x) is the “error function”. If V, Vjl , Vjl n are the “weights” 
associated with the different pulses in the code, the quantization levels of the 
signal vary between 0 and 2 V. The noise creates false pulses which occur with 
the probability P(Ajl). 

It can be shown that the mean noise power caused by spurious pulses is 
P(Ajl) V 2 and for the series of pulses with different weights: 


P 


N 




V 2 . 


The signal-to-noise ratio is therefore 



oo 

— 1 

- n (—) 

L 

\2rJ_ 


(IV. 14) 



LIMITATIONS ON INFORMATION 89 

The value of AjlT is proportional to the square root of the signal-to-noise 
ratio at the input of the demodulator: 



2^4 2 

r 2 ‘ 


In Fig. IV.5, curves are plotted which relate the values of the signal-to-noise 
ratio at the input and output; it is clear that the improvement increases very 
rapidly beyond the 12 db value of the signal-to-noise ratio. 



- ( /N lout put 


Fig. IV.5. Signal-to-noise ratio at the output as a function of the signal-to- 
noise ratio at the input. 


IV.2. INTERFERENCE AND JAMMING PHENOMENA 

IV.2.1. General Introduction 

The two curves which correspond to the selectivity of the circuit and to 
the spectrum of a jamming signal are plotted in Fig. IV.6. The region AB , 
covering the bandwidth 4# 9 in which the useful modulation is to be found, is 
directly affected by every component of the spectrum of the jamming signal. 
The possibility of jamming depends upon the selective properties of the 
circuit. 
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Jamming procedures will be dealt with in the following paragraphs. The 
phenomenon of jamming can itself always be split into one of interference 
between two waves, which is the way in which the problem is approached 
here. 



Fig. IV.6. Effect of a jammer on a selective circuit. 


IV.2.2. Interference Phenomena 

Suppose that 

e i = E x sin oo x t 
e 2 — E 2 sin co 2 t 


are two components which combine to form an electric signal; their resultant 
can be written in the form: 


e = E^sincof + xsina> 2 t] 


with x = E 2 /E 1 . The instantaneous frequency, / is given by 

: cos — co 2 )t 


f =/i + fb 


x 2 + x 

Li + * 2 + 


2x cos {(jo i — a) 2 )t 




(IV. 15) 


in which f b = f 2 — f x is the beat frequency. Expanding each of the terms 
between brackets in series form gives 


fi =/l +/i>Z(- COS «(0), - C0 2 )t, 

1 

fi = fi ~ fb z (- !)" +1 COS niw^ - (0 2 )t. 

1 

The beat frequency and its harmonics lie either outside the frequency band of 
the receiver, or within it. In the first case, the signal with the greater ampli- 
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tude predominates. In the second case, the weaker signal makes a contribution 
to the noise, and its effective value is 




fb 

V2 



n 0 represents the order of the harmonic which is capable of being accepted by 
the receiver band, and n 0 f b is less than or equal to the cut-off frequency of the 
receiver. 

In the case of FM modulation, for example, 


and 


(fi) min ~ fl 



(/i)max —fl + 


Xfb 

1 — X 


(IV. 16) 


The total frequency deviation becomes 


(/*) 


max 


(/i)min ~ fb 


1 + X 
1 — X* 


and this is infinite for x = 1, resulting in a very marked distortion at the 
discriminator stage. 

Disturbance due to interference thus becomes more pronounced as the 
beat frequency f b increases, and as the ratio x tends towards 1: when, that is 
to say, the amplitude of the perturbing signal becomes equal to that of the 
useful signal. 

Consider now the case in which two waves which originated in the same 
source but which have followed different paths are re-combined. At a given 
point in space, the two electric field intensities 

e x ~ E t sin cot and e 2 — xE x sin co(t — At) 


combine to form the resultant field, e Ry which takes the form 

e R = E 1 sin cot (1 + x cos co At — x sin co At cot cot). 

When co At — A<p = kn, we have 

e R — Ei sin cot[\ ± x], 

and the relative error x affects only the amplitude of the original wave. The 
value of x is usually small enough for its influence to be negligible, in this 
case. When, on the contrary coAt = Acp = knjl , we find 

e R = E ± sincof[l ± xcotatf] 

so that the signal is heavily distorted. 
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This interference phenomenon can easily be observed in experiments 
carried out over the sea. If the field intensity at a receiver aboard an aeroplane 
is recorded it is found to oscillate between a maximum and a minimum as 
shown in Fig. IV.7. The sea provides an ideal reflecting surface for electro¬ 
magnetic radiation. 


Field intensity 



Transmitter 


Distance from transmitter 


Fig. IV.7. Example of RF field intensity received over the sea as a function 

of distance. 


IV.2.3. Jamming 

The jamming of any instrument may be the result of a parasitic emission at 
a frequency close to that of the useful frequency —this is simply the case of 
two-wave interference, however. 

When the jamming is deliberate, it usually consists of an emission “wo- 
bulated” across a fairly wide frequency range as Fig. IV.8 shows. The jam¬ 
ming signal is emitted at a frequency which varies between two values, f t 
and f 2 say. The frequency range | f 2 — /i| is scanned for a time T. The central 
transmitter frequency and the receiver bandwidth are denoted by f 0 and 88 
respectively. The disturbance jams the useful signal for a time 2AT, at inter¬ 
vals of time 1 /T. The narrower the bandwidth the shorter is the time 2AT 
during which the disturbing influence acts. When the slope of the jammer, 
defined by (f 2 — fi)!T , is slight, the time taken to cross the band is long; on 
the other hand, the repetition frequency is less, and the receiver is jammed at 
a slower rate. In any case, we always use as narrow a bandwidth as possible, 
compatible with the modulation employed and the time constant necessary 
for good transmission of the data. 

Consider now a body in motion along an arbitrary trajectory between two 
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points A and B. We suppose that at B, there is a jammer (see Fig. IV.9), and 
that the missile is piloted from some other point, C. 

The powers emitted at C and B are P c and P B respectively; the receiver at 
A receives the two waves Prc and Prb for which 

P c 4 jt d\ , P B 4 jt d 2 

P RC G C&RC Prb G B Srb 

d x and d 2 are the distances AC and AB respectively, G c and G B are the gains 
of the transmitter aerials at C and B respectively, which are assumed equal. 



Fig. IV.8. Wobulation of a jammer. 


A (receiver) 



Wanted transmitter Jammer 

Fig. IV.9. The positions of the moving point A with respect to the jammer B 
and the wanted transmitter C. 

S RC and S RB are the effective areas of the receiver aerial with respect to the 
transmissions from C and from B respectively, which are taken to be equal. 
Thus, 

PC . PRB _ f dl \ 

PB PrC \ d 2 ) 


2 






94 


RADIO REMOTE-CONTROL AND TELEMETRY 


The ratio P c \Pr = P is constant; the jamming is effective only when the 
ratio Prb/Prc is greater than or equal to a certain value termed the jamming 
coefficient, k limU . The jamming limit is therefore defined by 


2 

= X p = m 2 

or (d 1 ld 2 ) = w where m is a constant (m = V pk Umit ). The minimum dis¬ 
tance at which jamming begins is such that 




(^2)m?n _ ^ 

d~(d 2 ) min ~ 9 


(d 2 ) min(l + W) = mrf, 


(^ 2 ) min 


m 

1 + m 


d . 


IV.3. ERRORS AND THRESHOLDS OF MEASUREMENT 

These errors can be classified into two different sorts: static and dynamic. 
The latter are related to the variations of the input magnitude: they are a 
function of the applied signal. 

The notion of static error is a very restricted one; it really only comprises 
calibration inaccuracy. Nevertheless, very slow drifts—quasi-static effects — 
can be regarded as eligible for this class of error. 


IV.3.1. General Points 

Suppose that a state is made to correspond closely to the exact value of a 
steady and measurable physical quantity; and that this state is characterized 
by a number, which is a measure of the physical quantity. It is not possible 
to make such a measurement unless the speed at which the physical quan¬ 
tity G varies, as a function of the number N which represents measurement of 
the quantity, has a finite value. Suppose that this speed is a constant, so that 

— = k; 
d JV 


N= t (G-G r ) + N R9 
k 


on integrating, we obtain 
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in which N R is a specific number, corresponding to the reference value G R 
of the physical quantity. The measurement is always in the form of a differ¬ 
ence between the quantity to be measured and a reference quantity. 

The relative error in measuring N is thus 


AN 


A(G - G r ) 

+ 

an r 

N 


G — G r 

n r 


This is composed of the relative errors in the physical quantity to be 
measured and in the reference. A telemetry chain consists of a measuring 
device, a translator, an amplifier and a modulator together with other ele¬ 
ments as shown schematically in Fig. IV. 10. 


X = Xj 


nr 




Xj 


I Z | 

L^_ 

x 2 

x 3 



L .1 

L 1 


*n+ry 


Fig. IV. 10. Telemetry chain. 


The input magnitude x and the output magnitude y are related by the 
expression 

y = k ± • k 2 ... k n x 
or 

Ay 


Ax — 


k i • k 2 ...k n 


The indeterminacy of a physical quantity is defined as the smallest value of 
it which can be measured. 



*2 Z 3 z n 

Fig. IV. 11. Measurement chain with references. 


The reference quantities can be introduced into the measurement chain, 
in the way shown in Fig. IV. 11. Taking the uncertainty unit as the error in 
reading the measuring instrument, the effect of this error upon the input 
magnitude, x, is found to be 

Ax = Ax x = + Az x 


Ax 2 = ^ X3 + Az 2 
~ k 2 
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Ax„_i 


Ax„ 


k „-1 


+ Az n _ l 


or 


Ax n = + Az n , 

k n 


Ax- — + Jr ‘ 


k t - k 2 ... k n k Y ' k 2 ... i 

^Z„_! 


+ 


Defining the quantity 


‘ k 2 ... A: n -2 




+ * * • + . 


Ayj{k 1 * k 2 ... fc„) 


to be an “error index” (referring the measurements back to the input to the 
system) we have 

Q - 1 + k n Az„ + k n k n ~ 1 Az„_ l + + (k„k n - t ... k^Az t 

An error index as nearly as possible equal to unity is aimed at, in order 
to give the whole system its best configuration. It should be emphasized that 
to attain a value of q close to unity requires stabilization of the reference 
quantities. 

Throughout this discussion the possibilities of saturation and of non- 
nearity in the transfer characteristics of the measurement chain are ex¬ 
cluded. 


IV.3.2. Static Errors 

This type of error is inherent in the discontinuous features encountered in 
every instrument, a few examples of which are given below. 

The thickness of the trace of a light beam which activates a photographic 
plate is finite, and this is a restriction, therefore, on the interpretation of an 
image. The hair-line of a measuring instrument, the interval between two 
definite marks, the breadth of the needle of a galvanometer, all lead to in¬ 
accuracy in measurement. The stability of an oscillator is limited to a certain 
value. If a quartz oscillator, accurate to one part in 10 4 , is employed in an 
oscillator circuit, the accuracy of the frequency / provided will be one part 
in 10 4 , which means that the error so far as frequency is concerned is / 
parts in 10 4 . In electronic circuitry, such elements as resistors and capacitors 
are employed, and the values of these are usually only accurate to within 
5 or 10 per cent. 

Calibration errors are very serious, since they have repercussions along 
the whole measuring chain. 
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It has already been seen that the error due to quantization is less than or 
equal to the distance between two levels of quantization. We shall now 
examine the interpolation error introduced when a true curve is represented 
by a succession of horizontal steps. See Fig. IV. 12. 



€(t) 


Fig. IV. 12. Interpolation error. 


Let g(t) be the real continuous function, for which the discontinuous 
function f(t) is substituted. At any instant, the error introduced is 

<t) = g(t) -fit). 

If At is the sampling interval: = At, t 2 = 2At, ... t„ — nAt,..., and 
«i(0 = git) - giO) for 0 < t < t t 
«s(0 = git) - git 2 ) for t t < t < t 3 
«s(0 = git) ~ giU) for t 3 <t<t s . 

The root mean square error, therefore, is given by 


* 2 = J 'elifidt + J 

=j: 


ei(t) dt + I el(t) dt + 

o J ti 


{ 


m - ^(o )] 2 dt + feco - g {t 2 )Vdt + 


[git)Ydt 


+ 2 At ji® + g 2 i2At) + g 2 i4At) + - + g 2 [(2n - 1 )At] 


~ 2g(0) 


M t= *i 


git)dt - 2g(2At) 


r* 3 


g(0 dt 


RRC.7 
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The mean error is 


j I - pnjt 

nAt |_Jo 


m-At)] d t 


\nAt-*co 


= [g(t)] a 


— k(0) + 2g{At) + 2g(2At) + •••]. 
n 


It is sometimes easy to calculate g(t) if this is a simple function, but usually 
it fluctuates in a random manner; it is then necessary to proceed graphically. 


IV.3.3. Dynamic Errors 

The phenomena of vibrations, shocks, acceleration and temperature, 
amongst others, all have a particularly important influence on the behaviour 
of the measuring instruments and electronic instruments which are used in both 
remote control and telemetry. These perturbing influences produce errors 
not only in the initial calibration but also during the actual measurement 
itself. 

Vibrations, shocks and acceleration all belong to the same class of pheno¬ 
mena, which are related directly to the accelerating force. 

The frequency spectrum corresponding to a periodic vibration contains a 
series of discrete components for each vibration frequency. 

Muffled noise, for example, originating from an ill-defined source, yields 
a uniform spectrum. 

We shall regard shocks as sudden non-periodic changes of acceleration, 
which allows their effect on the behaviour of remote-control and telemetry 
systems to be analysed. 

IV.3.3.1. The Effect of Acceleration on the Behaviour of Radio Components 

Two elements, connected together elastically, which have different masses 
will become displaced with respect to one another when the combined sys¬ 
tem is subjected to an acceleration. The grid-cathode space of the radio valves 
would be modified, for example, and the electron density emerging from the 
filament would be modulated. The result would appear as a fluctuation noise, 
more or less periodic according to the system inquestion, and this would be 
superimposed onto the noise of the electronic devices themselves. Further, 
the grid-cathode capacity of such a valve would also undergo this modulation, 
and the circuit connected across its terminals would reflect the modulation 
in synchronism. 

The movement of the grid relative to the cathode is betrayed by changes in 
the working point of the valve, in the amplification and in the interelectrode 
capacitances. This last effect is the most serious; in telemetry, for example, 
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it may introduce parasitic frequency modulation which can be very trouble¬ 
some. 

Acceleration effects can ,ho wever,be compensated by orientating the vacuum 
tubes in a suitable manner. From this point of view, transistors are undoubt¬ 
edly preferable. 

The problem of shocks and of sudden changes in acceleration is less im¬ 
portant where radio equipment is concerned. These shocks only occur, for the 
most part, when the instrument is not in use. 

Transistors, on the contrary, can bear very sharp mechanical shocks and 
jars without any harmful result, since their weight is very slight. 

When the missile in which the electronic equipment is mounted is fired, the 
elements of the circuits all undergo the same constant acceleration. This 
appears as an error in any circuits which are sensitive to direct currents. 
Suppose, for example, that the diaphragm of a barometer is linked to the 
wiper of a potentiometer; the inertial force will thus create a measuring 
error. It is thus preferable to place the axis of the diaphragm perpendicular 
to the direction of the accelerating force. 

We have now seen what kinds of effect movements due to acceleration 
(shocks, vibrations, steady acceleration, noise for example) may have on 
components on board a missile. 

We shall now consider the problem theoretically. 


IV.3.3.2. Characteristics of the Error produced by Acceleration 


In order to isolate an object from the perturbations produced by shocks 
and vibrations, the function relating the frequency response and the relative 
displacement must be modified. 

This can be done by means of an elastic support. 



z - fixed 
reference 


Fig. IV. 13. Elastically coupled system. 


Let m be the mass to be isolated, which is connected to a support by 
a substance which has a coefficient of elasticity k and a damping coefficient 
C. The whole system is represented schematically in Fig. IV. 13. 
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Consider the effect of applying vibrations r = R sin cut to the mass M of 
the support; if m <£ M , the resonance frequency of the mass m and the 
damping coefficient, cu c and a respectively, are given by 


0>c = 



(IV. 17) 


C 

a = — 7 =^* 
km 

For critical damping, the coefficient a is equal to unity. 


(IV. 18) 



Fig. IV. 14. Frequency response for various values of damping coefficient a . 


The amplitude of the displacement of the mass m , corresponding to a dis¬ 
placement R of the mass M, is taken as X , and the ratio of the amplitudes 
of the transmitted force to the applied force can be defined as a force trans¬ 
mission coefficient. This quantity can be identified with the amplitude 
transfer function, 



(IV. 19) 


shown plotted in Fig. IV. 14. 

If y is the value of the acceleration applied to the system, and g y is the com¬ 
ponent of gravity in the direction of y, the displacement, 6 , of m is 

d = m(y + g y )jk = Y + Sy . 

co o 


(IV.20) 
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As an example of this, consider the motion of the armature of a relay, 
whose return spring coefficient is k and whose damping to all intents and 
purposes is zero. The transfer of vibration to the armature will be negligible 
if co/coq > 1. 

In the case of the grid-cathode space of a radio valve, the mass m of the 
grid can be regarded as linked elastically to the mass /z of the cathode, and 
the latter is in turn connected mechanically to the support M . The displace¬ 
ments of m, (i and M are denoted by x 9 y and r respectively. If i^co) is the 
variation of the support position with frequency, the overall response is 

I T x \ • \T,\ • F(co), 

and 



where m < fi, co 0x > co 0y . 

To avoid relative motion between grid and cathode, the condition (x — y) 
= 0 must be satisfied irrespective of the value of the applied frequency, co. 

In fact, the condition that we try to satisfy is 

\T X - 1| * \Ty\ < 1. (IV.21) 

In practice, a value 

| T x - 1| ■ |r,| < 3 x 10- 2 
is accepted, for cu < 8a> oy . 

It must also be noted that the function F(co) depends upon the type of 
acceleration which is applied. In the case of vibrations, F(co) is sinusoidal; 
for noise, F(a>) represents a constant spectral density. When sudden shocks 
are applied F(co) has the spectrum of a pulse. 

When the rockets which drive the missile are fired, the contents undergo 
a sudden burst of acceleration which corresponds to a unit step. 

Spectra! amplitude Spectra! amplitude 




Fig. IV. 15. Frequency spectrum of a unit step and a Dirac (5-function. 
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The various types of spectrum are shown in Fig. IV. 15. As can be seen, a 
pulse is rich in frequency components, and this necessitates a higher value 
of the ratio coqJo) 0y . 

IV.3.3.3. Errors due to Temperature Effects 

In every list of specifications for components which are to be flown in an 
aeroplane or a missile, a special clause about the effect of temperature is 
always inserted. 



Fig. IV. 16. Increase of skin temperature of a missile, as a function the Mach 
number, for various altitudes. 

The theoretical value of the temperature of the hull-skin of a missile, 
travelling through the atmosphere at a speed of about Mach 2 at an altitude 
of 12,000 m, may reach 150°C. What is more, the same missile may have 
been launched from a base at either the equator or one of the poles. 

In Fig. IV. 16 curves are plotted showing the hull-skin temperature of the 
missile as a function of the speed and altitude. 

In fact, the temperature inside the missile is more stable, since the thermal 
capacity of the total equipment is such that the temperature inside the missile 
will not reach the temperature of the skin, when the latter is 150°C, until 
an interval of time considerably longer than the time of flight of the actual 
missile has elapsed. 

Valve heaters, the rotation of the motors and dissipation in resistors, all 
cause appreciable heating of the equipment. 

Generally speaking, the radio equipment should be able to support a tem¬ 
perature range of — 50 °C to + 100°C without being adversely affected. To 
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satisfy these exacting conditions every possible advantage must be taken of 
advances in the technology of radio equipment components. For example, 
germanium transistors or diodes can only support junction temperatures up 
to 85°, whereas silicon transistors can work at temperatures up to 150°. 

Temperature errors can be classified into three kinds: calibration or refer¬ 
ence errors, deterioration of the noise factor, and performance errors. Con¬ 
sider the capsule of a barometer, indicating a static pressure (corresponding 
to the altitude of the missile) by means of telemetry. The air in the capsule 
expands under the effect of a rise in temperature, and the altitude zero (sea- 
level) will have to be re-adjusted according to the temperature at any moment. 
Further, even after calibration, when the missile is launched, the temperature 
of the medium surrounding the capsule rises, and the altitude recorded is 
affected by the pressure change Ap caused by the heating AT °C which occurs 
during the course of the flight of the missile. It is then necessary to com¬ 
pensate for the temperature variations by thermostatic temperature control. 
This is not a complete answer since the capsule receives ambient air of a 
rapidly varying temperature through a Pitot tube. 

Suppose that a continuous current variation is to be transmitted. If a vari¬ 
cap (a varicap has a capacity which varies with the current in the semi¬ 
conductor) is used as the transducer, it is possible to modulate the fre¬ 
quency of a signal. When the temperature increases, the quiescent current 
i 0 of the diode also increases in an exponential manner, and this is added 
to the useful current of the input signal I e . 

If C = ki is the variation law of the varicap, the error in the capacity, and 
hence in the frequency, is 

AC = A(ki 0 ) = k' e T -AT 
which is a function of temperature. 

The capacity variation which is produced through the effect of a tem¬ 
perature change can be compensated by connecting the current transducer 
in a thermally balanced bridge, or alternatively, by selecting components 
which have a temperature coefficient of opposite sign and placing these in 
series with the varicap in question. The effect of temperature also makes itself 
felt as a drift in gain characteristics and as frequency shifts in tuned circuits. 
A tuned circuit comprises either transmission lines for UHF circuitry or 
inductors in parallel with capacitors. All these elements expand to a greater 
or lesser extent, and this alters their values by an amount which varies as a 
function of the temperature; they thus become out of tune. 

The permeability of magnetic media (ferrites, for example) is also a func¬ 
tion of temperature. On approaching relatively high temperatures, severe 
changes in gain often result. This can be characterized by the Curie point, 
which for some ferrites lies near 90 °C. 

With transistors, this problem of temperature is a critical one. Their 
quiescent current is, as already mentioned, exponentially dependent upon 
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the temperature. This effect can be partially compensated for by means of a 
judicious use of feedback or by using thermistors; inevitably, however, a tran¬ 
sistor (or more generally, a semi-conductor) which accepts a maximum dissipa¬ 
tion power of P watts at 25 °C can only dissipate on average P/2 watts at 50 °C. 



Fig. IV.17. Variation of the power dissipated at the collector, P c , as a function 
of the ambient temperature. 



Fig. IV.18. Variation of the ratio of quiescent current at 0°C to quiescent 
current at 25 °C as a function of the junction temperature 7}°C. 


In Fig. IV. 17 we show the dissipation curve as a function of temperature, and 
in Fig. IV.18 the relative changes in the quiescient current as a function of 
the junction temperature of the transistor. 

The third effect of temperature is to increase the level of fluctuation noise, 
but this phenomenon has already been dealt with in the section on noise. 
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IV.4. DISTORTION DUE TO NON-LINEARITY 

In general, no transmission system is perfectly linear. If a sinusoidal signal 
of the form e i0)t is applied to the input of a quadripole, the transfer function 
of which is K(jco ), a signal K(j<o) s J(0t results at the output. The transfer func¬ 
tion K(jco) can be written in the form 

K(ja>) = A( o>)e Mft, \ (IV.22) 

A broad division of the distortion due to non-linearity can be made into 
those which affect the amplitude characteristics and those which affect the 
phase characteristics. 


IV.4.1. Amplitude Distortion 


The relation between a signal S at the output and the signal E at the input 
can always be written in a power series form as 

S = ai E + a 2 E 2 + a 3 E 3 + ••• + a n E\ (IV.23) 

If the transmission is not perfectly linear, the coefficients a 2 , a 3 , ..., a n 
are not zero, and their values depend upon the nature of the non-linearity. 
If the signal £ is a circular function 

E = e j(dt 


then substituting this value of E into equation (IV.23) yields 


S = a , & Jcot + a 2 e j2cot + -ftf„e"^ 

= a i e Jat |"l + e imt + e 2Jmt + ■■ 

L a i «i 




The effect of non-linearity is to introduce harmonics 2/, 3/, ... nf as well 
as the fundamental frequency / itself. The amplitude distortion index is 
given by 


$ — ;sAgl + a„) 


(IV.24) 




When the signal E consists of several sinusoidal functions of frequencies 
fx ,/ 2 , the signal at the output becomes 

£ — +co2 + '»*o m )r 

+ Ci 2 g j2 ^ G>1 + £02 + , ‘* C!Jm ^ 


+ « n e- 
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which can also be written in the form 

S = a Y sin oj t t 

i 

+ a 2 Yj ( § i n Wj/ sin cojt) 
u 

+ — 

+ a n Yj (sin co d sin Wjt •••sin a) k t). (IV.25) 

When the input signal is of a composite nature, the amplitude non-linear¬ 
ities of the transfer network have the result of producing at the output not 
only harmonics of the fundamental frequencies, but linear combinations of 
the latter. This phenomenon will be studied in more detail at the beginning 
of the section on cross-modulation in multiplex systems. 



Fig. IV. 19. Detection characteristic of an FM discriminator. 

In a transmission channel, the modulation and demodulation devices are 
non-linear elements, and are the principal sources of amplitude distortion. 

The distortion produced by an FM discriminator . Expanding the signal 
which energes from the discriminator, 5[co(/)], as a Taylor series, we obtain 

SM<)] - M W 

+ S”K) + $•>*) + .... 

2! 3! 

Assuming the FM signal to be sinusoidal, the instantaneous frequency is of 
the form 


co(t) = co 0 + Aco sin 42/, 
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so that 


£[<*>(0] = S(co 0 ) + A(o sin Qt S'(a) 0 ) 


+ 


Aa> 2 sin 2 Qt 


S"(a> o) 


+ 


Zlco 3 sin 3 Qt 

6 


S"'((o 0 ) + 


The discriminator characteristic is illustrated in Fig. IV. 19. 

If the discriminator is symmetrical, which is generally the case, we have 

S(co 0 ) = O 

S'icoo) = P 

S'Xcoo) = ^ 

^ 

in which p is the slope at the origin of the discriminator (/? = tan cp). 

The amplitude of the fundamental term is S 0 = pAco , and so 

nr / \t n • A. , m ^^1 — cos 

S[co(t)] = S 0 sin Qt H-(zlco) 2 - 

2 2 

+ — (Zleo) 3 | — sin-O/ —— sin 2Qt —— sin 3Qt\ 

6 |_2 4 4 J 

= + — (Zla)) 3 J sin Qt — (Aco) 2 cos 2Qt 

— — (zlco) 2 sin 2Qt —— (Jco) 3 sin 3 Qt + — (dco) 2 . 

4 24 4 


The term A(Aa)) 2 j4 is steady, and hence easy to detect. We write AS C 
= A(Aco) 2 /4 9 which is also equal to the coefficient of the term in cos 2 Qt, 
We denote the weighting of the third harmonic by K 3 : 


K 3 


B_ 

24 



and that of the second harmonic by K 2 : 
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In fact, the ratio 6K z /Aco is far smaller than AS c jS 0 so that 


and 



BjAcof J_ 
24 * S 0 ’ 


IV.4.2. Phase Distortion 


As already seen in equation (IV.22) the phase distortion is associated with 
the function y>(co ). 

If Q J<ot is the signal at the input of a network with a transfer function 
A(co) e iv(co) , the signal at the output is of the form 

A(co) e iMfi,)+£oU . 

The angular frequency of the output thus becomes 


or 


co s = co + 


dip(co) 
d t 


OJ s = O) + 


dyj(co) 
d co 



(IV. 26) 


thus dy>(co)ldco = x represents the group phase delay through the network. 

The causes of distortion due to non-linearity of the phase characteristic lie 
essentially in the variation of the phase delay in amplifiers and filters, in 
reflections in transmission lines, and in propagation through several channels. 


IV.4.2.1. Variation of Phase Delay in Amplifiers and Filters 

In all RF or IF amplifiers, a resonant circuit forms the anode load of a 
valve or of the collector of a transistor. 

For a simple tuned circuit, the potential across the terminals can be written 
in the form 

V(co) _ 1 _ 

F( " o) i+jbJ— V 

\O ) 0 CO J 

Using the above notation, the phase shift introduced by this circuit is 
y(co) = -tan- 1 [ fi0 - “)]• 
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Differentiating this expression with respect to co, gives the phase delay 


d y)(cu) 
d co 


1 




x Q 0 



In general, the frequencies encountered are near the central frequency a> 0 , 
and so 



4/V/o = 2(/-/ 0 )//o. 



Fig. IV.20. Response characteristic of a band-pass filter. 

The phase delay has its maximum value, r 0 , when co = eo 0 , that is at the peak 
of the response curve of the band-pass filter, as seen in Fig. IV.20, and 

_ 2Q 0 
t 0 -. 

co 0 

The 3 db bandwidth, is such that 

Qo — = 1 with Af = SB. 

fo 

The phase delay takes the value 


T 3db — r o/2, 
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and the variation of the phase delay within the band is then 

Ax = IS. = . 

2 (D 0 


In a wide band amplifier a succession of staggered circuits can be employed, 
as in a “triplet” unit. The variation of the phase delay in the pass-band then 
becomes 


Zlr = 


0-22 

a 


and for n triplets in cascade, we find 



The influence of phase delay on multiplier stages . Another requirement is 
the choice of the circuits for the different multiplier stages. The distortions 
of order 3 are in fact directly proportional to the variation of phase delay in 
the band. For a circuit with tuned primary and secondary, the variation zIt 
is given by 


Ax = 


4V2 Ap 

71 88* 


Af is the frequency deviation in FM and 88 is the width of the pass-band at 
3 db of the circuit in question. 

In general, it is preferable that the distortions at the various stages should 
be the same; this is equivalent to requiring that the phase delay should be 
equal at each stage. From this we can deduce the requirement 


Ap _ (kAf) 2 
88 \ 88 k * 


in which k is the multiplication constant, and 88 x , 88 2 , ..., 88 k are the band- 
widths associated with the successive multiplier circuits. A relation which 
links the bandwidths between successive stages can be obtained: 

88 k = k 2h 88 x . 


Phase distortion at the output of a frequency discriminator . The signal 
appearing at the output of the discriminator is 


= '5't" 0 ' + ^ + ” ("° + li")] 

£ ++ £)} 


= a>o + 
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On expanding the function as a Taylor series, and assuming the discrimi¬ 
nator to be symmetrical, = 0 and ( — ) = ol we obtain 

I y dco J b) — (OQ J 

5 _ dy , 1 / d 2 y \ , / d 2 y Y 

dt 21 \d 2 tu/ 0>=roo \ d? 2 / 

, * /d 3 v> \ . /dyv i ... 

3! \d<w 3 / m=t0 o \dt 2 ) 

Suppose that the modulation signal is sinusoidal, .s(f) = sin Qt, so that 

—^ = Aw sin£?f; 

dt 


the weightings associated with the 2nd and 3rd harmonics are then 

QAco ( dr 

— ■ (- 

2 \da> 

and 

_ QAco 2 / d 2 r \ 

4 Vdco 2 / / [0=(00 

respectively. 

In practice, a discriminator has a point of inflexion at the origin (for 
co = co 0 ), and so 

d 2 y> _ dr _ 
dco 2 dco 



This means that in most cases, the weighting associated with the 3rd har¬ 
monic of the distortion will dominate. 


IV.4.2.2. Variation of Phase Delay in Transmission Lines 

In transmission lines, just as in aerial feeders, cavity filters and waveguides, 
mis-matching of the terminating impedances results in phase distortion. If 
V e and V s are the voltages at the input and output of a transmission line of 
length /, we have the following relationships: 

v e = K.e* 

col _ 2jzl 
V 71 

v = clyje. 
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in which v is the propagation velocity in a dielectric with dielectric constant e. 
Suppose a signal e j(0t is applied to the input of the line whose reflection co¬ 
efficients at the two ends, are and q 2 . If r is the delay for the whole line, 
the delay after reflection is therefore 2r. (In this analysis subsequent echoes are 
neglected in comparison with the first.) The resultant signal at the output is 
then equal to 

„ _ J(<ot + cp) , „/[«(t~2T) + (p(f--2T>3 

V S — e "r QlQl e j 


in which 



Further, neglecting the terms in z n (n > 1): 

(p{t — 2r) a; (p{t) — — — 
1! d t 


or 


_ pJ(cot + q?) 


v s = e' 


+ 8iQ 2 e' 


./[<»*+ ip(f)J j(2a>T-2Tdq)/dt ) 


= + Q 1 Q 2 e 2Mm ~ iv,it ' > ]. 


The distortion term, D = g 1 g 2 e 2Jl(a> d,,/dt) , is proportional to the pro¬ 
duct g 1 o 2 of the reflection coefficients. For a lossy line, g 1 g 2 must be replaced 
by Q1Q2 e _2al . 

The variation of the phase delay is 


with 


At = + — (tan -1 0) 

dco d a> 

QiQ 2 sin [2 t(cu — d(p/dt)] 

L -f- q 1 q 2 cos [2r(a> — d(p/dt)] 


Given that the phase delay varies between two extreme values, its value is 
given approximately by the following expression* 32 ^ 

(^T) max = 4 g t g 2 —. 

V 


IV.4.2.3. Variation of the Phase Delay by Reflection 

Let d 1 and d 2 = d[ + d 2 represent the direct and indirect paths from A 
to B (see Fig. IV.21). The direct wave received at B is 

V, = e Jvi 

2nd, tod x 


<P 1 = 


A 


c 
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whereas the indirect wave is 


V 2 = q e- J>2 
3 (I 

<p 2 = —— 


md 2 

+ 71 = -- 4- 71 , 


(the additional phase change of n is a consequence of the reflection). The 
reflection coefficient q is clearly smaller than unity —it varies according to 
the nature of the terrain. 



N 

8 ' 


Fig. IV.21. Direct and reflected paths. 



v, 

Fig. IV.22. Direct and reflected vectors. 


The two vectors V x and V 2 combine (see Fig. IV.22) to give a resultant R . 
Applying the sine rule, we obtain 

sin 6 _ sin(^! — (f 2 — 6) 

Q 1 


RRC.8 
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where the reflection coefficient has been assumed to be small in comparison 
with unity. 



CHAPTER V 


FIELD PROPAGATION 
AND AERIALS ON MISSILES 


A radio link consists of a transmitting aerial, a receiving aerial and the 
medium between them. Radio wave propagation is affected by various factors, 
and these are gathered together in this chapter. Missile technology involves 
rather special types of aerial, and it is with missiles in mind that we shall 
consider the problems associated with aerials. 


V.l. GENERAL REMARKS 


V.1.1. The Gain , the Effective Area of an Aerial , and the Attenuation 
during Propagation 


Let P(0, <p) be the power radiated in the direction 0, <p by an aerial, and 
let P t be the total mean power radiated by the aerial; the gain is then defined 
by the ratio: 


(7(0, (p ) = 4 n 


Pt 


The “4” occurs because the two powers are compared per unit solid angle. 

The gain, (7(0, <p) attains its maximum value for 0 = 0 O and <p = cp 0 
[G max = (7(0 O ,y 0 )]- An expression for the radiation diagram of the aerial is 
of the form: 

^ G(d,<p) = (7(0, y) 

G(d 0 ,<p 0 ) 

G m ax 

The “effective area” of an aerial is defined as the ratio of the power 
received by the aerial to the power density per unit surface area in the region 
in which the aerial is placed. It can be shown that if S denotes the effective 
area, the gain, G , and S are related by 

^ 4 nS 
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The attenuation of the transmission in free space at a distance d is of the 
form 

= Pe_ = (4 n) 2 d 2 ^ Pd 

P R PG e Gr ~ S E S R ’ 

in which P E and P R are the powers at the transmitter and receiver respec¬ 
tively, and G e and G R , S E and S R are the gains and equivalent areas of the 
aerials at the transmitter and receiver respectively. 

If 27 is the cross-sectional area of a paraboloid of diameter D, the effec¬ 
tive area is given by S = <xZJ((x < 1) and the angular aperture by (J0) max 
4 X 

= -t“ . The efficiency of the aerial is in this case equal to 0*6. 

n DyJ<x 

The gain of a dipole, compared with that of an isotropic source, is G = f 
(or 1*7 db) and the effective area is S = 3A 2 /8tt. 

The attenuation A which is quoted is valid for a given direction only, 
as the gains G E and G R are themselves functions of angles determined by the 
directional behaviour of the aerials. For omnidirectional aerials, we shall 
write G E = G R = 1. 

When we are considering an ordinary line-of-sight link the attenuation 
can to a first approximation be regarded as that due to free space. Even under 
line-of-sight conditions, we have to consider the limitations imposed by the 
curvature of the earth. 

If we assume that the refractive index of the earth’s atmosphere varies 
linearly with altitude (the standard atmospheric approximation), it can be 
shown that the apparent radius of the earth is f the real radius: 

^apparent = 3^-^real* 

Three cases are possible, depending upon the type of missile employed. 

(1) the missile may travel at a low altitude in the tropospheric zone 

(2) the missile may travel at a great altitude, in the ionospheric zone 

(3) the missile may cross all the atmospheric layers, and travel through the 
medium beyond the earth’s atmosphere. 

In addition the propagation is perturbed to a greater or lesser extent accord¬ 
ing to the frequency employed. 


V.2. LOW ALTITUDE MISSILES 

The missile receives two waves —one being a direct, line-of-sight wave, 
and the other being a wave which has been reflected from the ground, and 
which interferes with the first wave. 



FIELD PROPAGATION AND AERIALS ON MISSILES 


117 


V.2.1. Reflection From the Ground 

The ground from which the wave is reflected has a reflection coefficient, 
q = r e ico , which depends upon its complex dielectric constant. This dielectric 
constant varies widely with the surface which may be, for example, desert 
soil, a sheet of salt water or terrain covered with vegetation. 



Fig. V.l. Variation of reflection coefficient with angle of incidence/ 1 * 

In turn, the dielectric constant of the ground varies with the wavelength of 
the signal which is reflected from it. 

Finally, the reflection coefficient is also a function of the angle of incidence, 
as can be seen from the curves plotted in Figs. V.l and V.2. 

For horizontally polarized waves, the coefficient r is equal to unity, and 
the phase angle is equal to the constant value n. 

If V 0 is the amplitude of the direct wave, the amplitude of the wave reflected 
from the ground will be 

V = V 0 V(1 + r 2 + 2r cos 95 ). 

When the angle of incidence, is small, we have 

\nh x h 2 

° M 

in which h 1 and h 2 are heights of the two aerials above ground level, and d is 
the distance between these two aerials. 



ation attenuation 
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V.2.2. Tropospheric Propagation 

It is found that with powerful UHF transmitters, perfectly stable fields 
can be received beyond the horizon. Plotting attenuation as a function of 
distance (see Fig. V.3) the attenuation beyond the horizon is found to con¬ 
sist of two types in the regions (A) and (B). That in (^4) is due to diffraction 
and in (B) to scattering. 

The scattering phenomenon can be regarded as arising from dielectric dis¬ 
continuities of the atmosphere. It occurs in the scattering region at the inter¬ 
section of the beams d x and d 2 shown in Fig. V.4. 

Another theory is based upon the idea that a series of refractions occurs 
when the beam crosses the troposphere, due to the lamination of the atmo¬ 
sphere. It is known that the radio energy is scattered in the direction of pro¬ 
pagation by turbulence, and it is an experimental fact that this scattered 
energy decreases when the scattering angle and the angles of incidence, i, 
increase. 

The supplementary attenuation of the transmission (which appears over 
and above the free space attenuation) varies slightly with frequency. 

The slope of the characteristic in region (^4) depends upon the frequency, 
while that in (B) is independent of it. 

From Fig. V.3 it can be seen that the slope of the supplementary attenua¬ 
tion in the scattering zone, plotted as a function of distance, is very slight 
(~ 0*08 db/km). It should be noted that this field attenuation is a mean value; 
since the scattering has its origin in atmospheric turbulence, the instantaneous 
value of the attenuation varies continuously, daily and seasonally. The daily 
changes, which are of particular interest to us, are ~ + 20 db in magnitude. 
This relative fluctuation falls as the distance increases. 

There is a relation between attenuation and the refractive index n which 
has an important influence on tropospheric propagation. 

In Fig. V.5 are plotted the curves which express the normalized refractive 
index, N = (n — 1) x 10 6 , as a function of the height above ground level, h . 
Curve (1) represents the gradient of the refractive index in the case of total 
reflection (the wave falls at grazing incidence on the layer which has the 
refractive index in question). Curve (2) shows the normal gradient in the 
ordinary atmosphere, and curve (3) corresponds to an intermediate gradient. 

The refractive index depends upon several parameters: 

(1) the absolute temperature T 

(2) the pressure p (measured in millibars) 

(3) the saturated vapour pressure, e. 

N has been found to satisfy the following empirical rule: 


79 4800e 

N = — p - e + - . 

T T 
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The supplementary losses which have to be added to the attenuation of 
the transmission in free space are then those shown in Fig. V.6. The smaller 
the refractive index, the greater is the importance of these losses. 



Fig. V.5. Variation of refractive index JVas a function of height h above ground 

level. (17) 



Fig. V.6. Supplementary losses for various values of refractive index. 


V.3. MISSILES TRAVELLING AT GREAT ALTITUDES 

The ionosphere consists of a region which has been ionized by the u.v. 
rays of the upper atmosphere; this region is divided into layers, the altitudes 
of which vary with time. 
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The absorption of radio waves in the ionosphere can be characterized by 
a viscous resistance, proportional to the velocity of the free electrons, v. To 
a first approximation, the ionosphere can be regarded as a stratified medium 
in which the electron concentration is proportional to the altitude. The equa¬ 
tions which describe the wave propagation then become: 


ITT 8B 

curl H =-- + 

dt 


QV 


curl E = 


<5B 

It 


in whichE, H, D, B, and q are the electric field intensity, the magnetic field 
intensity, the electric flux density, the magnetic flux density and the space 
charge density respectively; v is the velocity of the charges. If the medium is 
unpolarized, 

D = e 0 E 


B = ^ 0 H 


For sinusoidal waves, we have 

curl H = jo>£ 0 E + g\ 
curl E = —/co/JqH. 

Consider an electron, mass m, moving with velocity v, and subjected to a 
viscous force f = — r\ by the medium (r is the coefficient of viscosity). 

We write 

ft = rjm 
£of*o = l/c 2 
o/c = 2njX = k 
q = Ne 

(Oo = fi 0 c 2 Ne 2 lm 

col = <* z (the electron concentration is 

proportional to the altitude). 

The propagation equation becomes 
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It can be shown (69) that if the gradient of the electron concentration remains 
constant, the reflection coefficient takes the form 

|^| = exp [— 4j3co 2 l(3occ)\ 

which results in an attenuation of the reflected wave of 

4/?a> 2 x 8*68 
—-db. 

3 occ 

The coefficient oc is related to the refractive index n by 

n = yj( 1 — oczjco 2 ). 

The altitude z is measured from the base of the ionospheric layer. It can be 
seen that the refractive index is a function not only of altitude but also of the 
frequency of the incident wave. Further, for a given altitude and refractive 
index, reflection of the incident wave plays a more important role when the 
frequency is low. A low frequency wave finds it more difficult to penetrate 
the ionospheric layers than does a wave with a higher frequency. The Russian 
sputniks transmit at about 20 Mc/s, and are as a result harder to follow by 
radio than the American missiles which use a higher frequency. 



Fig. V.7. Molecular attenuation as a function of wavelength. 

In the preceding calculations, it has been assumed that the ionospheric 
medium possesses a certain degree of homogeneity; in fact, this is not so 
except within laminar zones or superimposed layers. This laminated structure 
of the atmosphere results in a certain curvature of the propagation, again 
due to variation of the refractive index; the curvature is defined by 

J_ _ ]_dn 
R n ds 

in which R is the radius of curvature. 
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It should also be noted that the radio waves are absorbed by the iono¬ 
spheric medium, principally as a result of the presence of oxygen and water 
vapour. This phenomenon is independent of the polarization of the wave, 
but depends upon frequency: it is negligible for frequencies below 5000 Mc/s. 

The process of absorption by oxygen is based upon the magnetic inter¬ 
action between the radio wave and the paramagnetism of the oxygen mole¬ 
cule. Absorption by water vapour, on the other hand, is related rather to the 
electric polarization of the water molecule. For certain frequencies, the 
absorption is particularly abnormal, and this corresponds to molecular 
resonance of the medium at the frequency in question. 

In Fig. V.7, the attenuation curve is plotted in db/km as a function of the 
wavelength. 

At the wavelengths X = 0-5 and 0*25 cm, attenuation maxima are to be 
seen for oxygen, and when X = 1*35 cm, the attenuation is a maximum for 
water vapour. 


V,4. VARIATIONS IN THE GAIN OF AERIALS 

It has already been mentioned that it is less easy to obtain the effective 
values of gains of aerials carried on missiles compared with those measured 
in free space. The apparent gains of the aerials at the transmitter and the 
receiver depend not only upon one another but also upon the trajectory which 
the propagation has followed. 

The fall in the gain of an aerial is due to atmospheric turbulence. The sur¬ 
face normal to the direction of the incident wave varies with the curvature 
of lines of equal field-strength which results from turbulence. This deforma¬ 
tion of the wave surface is equivalent to a reduction of the gain of the aerial; 
and the smaller the equivalent surface area of the aerial, the smaller is the 
effective incident wave surface. 

The turbulent phenomena are consequences of variations in the meteoro¬ 
logical conditions; they depend upon the changes in the nature of the terrain 
between the transmitter and the receiver. Tropospheric links are particularly 
susceptible to this. For example, measurements on a 100 Mc/s link over a 
distance of 500 km, showed that for an aerial whose gain had been measured 
to be 30 db in free space, the loss was 2 db. 


V.5. THE PROBLEM OF ATTACHING AERIALS TO A MISSILE 

This aerial problem has to be considered in conjunction with the aero¬ 
dynamic considerations, the use to which the missile is to be put, and as a 
result, with the field pattern. 
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When the missile has to be able to travel in any direction whatsoever, an 
omnidirectional aerial must be used. If, on the contrary, the missile in 
question is to move in a particular direction, and to remain within a cone, 
the apex of which is situated at the transmitter or receiver aerial on the 
ground, it is profitable to employ a certain degree of directivity. The shape 
of the pattern is then set by the departures which the missile is likely to make 
from the intended trajectory. 

Consider the case of a tactical missile which is fired from a transmitting 
station E towards its target B. The aerial on the missile will have to radiate 
backwards, and emit as little radiation as possible in the direction of motion 
of the missile, in order to prevent detection by the enemy (see Fig. V.8). 



Fig. V.8. An aerial on a missile, radiating backwards. 


If the angular aperture, 0, of the field pattern is too narrow, there is a risk 
of losing the missile should it depart suddenly from its forecast trajectory, 
as a result, for example, of a gust of wind across its path. 

The choice of polarization of the wave is equally important. In turning, a 
missile may well bank at more than 60°; the effective height of the aerial or 
the resolved polarization is then multiplied by a factor smaller than unity 
(approximately equal to cos 60°). An appreciable loss in the gain ensues; if 
the missile should be far enough away, the radio link (for the remote steering 
of a rocket, for example) may well be interrupted and this could result in 
serious disturbance to the flight behaviour of the missile. The choice of 
polarization (horizontal, vertical or circular) depends upon the use and the 
trajectories foreseen for the missile. 


V.5.1. Classification of Aerials and their Electrical Parameters 

A standard way of classifying aerials is in terms of the frequencies which 
they radiate; this is shown in the following list: 

LF: / < 2 Mc/s 
HF: 2 </< 20 Mc/s 
VHF: 20 </< 250 Mc/s 
UHF : 250 </< 1250 Mc/s 
SHF: /> 1250 Mc/s. 




FIELD PROPAGATION AND AERIALS ON MISSILES 


125 


Although this classification is perhaps valid in a general way, it is very 
obvious that when the aerial is to be mounted on an aeroplane or a missile, 
the lateral dimensions of the latter cannot be ignored. The shorter is the 
wavelength employed in comparison with the dimensions of the aircraft, the 
closer does the real diagram resemble the theoretical diagram which would 
be obtained over an earthed plane of infinite extent. Taking these considera¬ 
tions into account, aerials can be separated into four categories, according 
to the wing-span of the missile: 


A > 6£ 

(1) 

A/6 < E < 3A 

(2) 

3A < £ < 20A 

(3) 

£ > 20A. 

(4) 


The electrical parameters which define an aerial are 

(i) the radiation diagram 

(ii) the impedance 

(iii) the maximum gain. 

The relative importance of these various factors depends not only upon the 
frequency at which the aerial is to work, but also upon its application. 

If the aerial is imperfectly matched to its feeder, a standing wave ratio 
different from unity results; the reflection coefficient r = (s — 1 )/(s + 1) is 
not zero. This is important since, as has been seen, the phase distortion in the 
feeder is proportional to the reflection coefficient and in addition there is a 
loss of power. 

At the beginning of this chapter, the radiation diagram was defined by 

_ G(0,<p) 


It must be ensured that, during the missile flight the radiation diagrams 
of the missile and the terrestrial station aerials are such that the electric field 
is never interrupted. Consider this further in terms of the example shown in 
Fig. V.9. Suppose that Ox , Oy and Oz are the coordinate axes of a fixed 
reference system. The terrestrial aerial lies along Oz . The axes associated 
with the aircraft or missile are GX , GY, GZ (these are the axes of rolling, 
pitching and yawing). The radiation diagrams of the terrestrial aerial and 
the missile aerial are well-defined surfaces, and depend upon the character¬ 
istics selected according to the function of the missile. If the direction OG 
should correspond to a gap, either in the terrestrial diagram or in the one in 
flight, the reception of the RF wave will be interrupted. This is equivalent to 
saying that the directions of the vector OG which have to be excluded are 
those for which the product ^(0, <p), q 2 (6, <p) is zero. 
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The problem can be simplified still further by regarding the two aerials— 
along Oz and OZ,— as dipoles; the diagrams are spherical (see Fig. V.10). 
For clarity’s sake, a plane is considered (which is justified by the symmetry 
of the diagram). The form of the radiation diagram in the plane yOz is 
described by 2 

Qi(0, <p) = 30jzll sin 2 0 —. 



Fig. V.9. Fixed coordinate axes, and those defined by the missile. 



Fig. V. 10. Relative positions of dipole polar- diagrams on the missile and on 

the ground. 


The diagram relative to the missile can be deduced by replacing 8 by 8 
in this expression which gives 


l 2 


+ oc 
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The product of these two functions for the diagrams is thus of the form: 
Q 1 Q 2 — fc[sin 0 sin(0 + <x)] 2 , 

and there are two directions for which the field will be cut off: 


and 


0 = 0 

0 = —oc. 


It should be noticed that we have made no distinction between the two 
aerials, and the reasoning is thus equally valid irrespective of whether the 
aerial on the missile be the transmitter or receiver (telemetry or remote- 
control, respectively). 



Fig. V.ll. Deformation of the polar diagram of a dipole, over an earthed plane 
of various dimensions. 


V.5.2. The Influence of the Supporting Structure on Aerial Performance 

The radiation diagram of a dipole, placed over an earthed plane of infinite 
dimensions is a circle and if the length of the sides of the earthed plane is 
progressively reduced the diagram is deformed in the way shown in Fig. V.ll. 

When the dimensions of the sheet become smaller than 5A, parasitic lobes 
appear which can be regarded as secondary radiation. Further, when the 
aerial is placed a certain height above the missile the resulting diagram con¬ 
sists of the principal diagram together with the parasitic lobes produced 
by reflection and diffraction of the wave at the various parts of the missile. 

It is easy to obtain the diagram theoretically by considering the principal 
aerial and its electrical images with respect to the various different parts of 
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the structure. The whole diagram is composed of the combined effect of 
these individual dipoles (the initial dipole together with its images). In part¬ 
icular the missile fuselage can be treated as a cylindrical conducting surface. 
The image of the aerial is then the aerial inverted with respect to the cylinder 
(a point P on the aerial, which lies at a radial distance OP from the axis of the 
cylinder, has its image inside the cylinder at the inverse point Q on OP such 
that OP • OQ — OR 2 , where OR is the radius of the cylinder; the complete 
image is built up by inverting all points on the aerial). 

The parasitic diagram produced by diffraction results from the slender 
parts of the fuselage. The disturbance is particularly marked when the aerial 
is parallel to a ridge on the structure. Care should therefore be taken to place 
the aerials in such a way that they are perpendicular to any ridges. 

In the case of propeller-driven missiles and aircraft, the rotation of the 
propeller modulates the HF wave; this parasitic modulation is particularly 
strong when the dimensions of the propeller are of the same order as the 
wavelength. 





I| Radar 

mrnm 

Fig. V.12. Principle of an echo reinforcer. 


A target-missile (a remotely piloted aeroplane) carries a large number of 
radio instruments, each with its own well-defined function (telemetry, remote- 
control, measurement of altitude, measurement of the miss-distance, position¬ 
finding and echo-reinforcement for example). Each of these functions requires 
its own frequency, and in consequence, a separate aerial. When the frequencies 
are all very different from one another, and the aerials are far enough apart, 
the problem is easily solved. When this is not so the problem becomes ex¬ 
tremely difficult. It is necessary to ensure beforehand that the coupling be¬ 
tween the various aerials is sufficiently slight that the transmitters on the 
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missile do not jam the receivers. The echo-reinforcer is a particularly instructive 
case in point. This is an instrument which, on receiving a wave of frequency/, 
is designed to send out an echo at a frequency which is equal to, or very 
slightly different from/. Its purpose is to reinforce the power of the reflected 
echo; in its absence, the echo would be too weak for a tracking radar system 
to be able to detect the missile (the dimensions of a missile are usually smaller 
than those of an aircraft). This is equivalent to increasing the equivalent sur¬ 
face of the missile (see Fig. V.12). 

Denoting by P R and P E the powers of the signals received and emitted by 
the echo reinforcer, which has a gain G(G = Pe/Pr)> the attenuation A of 
the wave emitted at the point of reception must be such that P R > AP E , 
which means that 

\A db| < \G db|. 

Consider a practical example: the equivalent surface of a bomber is about 
60 m 2 , whereas that of a target missile is 1 m 2 . The gain of the echo-rein¬ 
forcer will thus be 60, or about 20 db (= 10 log 60). The decoupling of the 
aerial will therefore have to be at least 30 db. 


V.5.3. Description of Some Types of Missile Aerials 

To avoid going outside the framework of this book the description of aerials 
is restricted to a few special types which are employed in connection with 
telemetry and remote-control. Standard types such as dipoles, truncated 
cones, Yagi aerials, helical aerials and disc-cones, which are already very 
well known, are not discussed. 

V.5.3.1. The Spiral Aerial 

As is well known the dimensions of an ordinary aerial impose a relatively 
narrow bandwidth on it. If an aerial could be defined in terms of its angular 
parameters alone, the performance of such an aerial would be independent 
of frequency. It is for this reason that a spiral aerial, defined solely in terms 
of angles, seems to be the ideal aerial, with a very wide bandwidth. In fact, 
there is a physical limitation in producing such an aerial, since the curvilinear 
abscissa must be kept within reasonable bounds. The bandwidth of such an 
aerial will, further be bounded by certain limits; values of the ratio / max // min 
greater than ten can however be achieved. These aerials are employed for 
frequencies between 100 Mc/s and 10,000 Mc/s. Printed circuit technology is 
particularly well adapted for use in conjunction with these aerials. 

Consider the case of a logarithmic spiral, of the form q = kz a<p . The 
radiation produced is a maximum in a direction normal to the plane of the 
spiral, and the radiation diagram is conical with a diameter of 2/5; the 
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angular aperture of the diagram is from 70° to 110°. Since the aerial is bi¬ 
directional, a matching cavity is required behind the spiral although its depth 
is not critical. 

In the frequency range/ max — / min , the impedance of the aerial varies from 
40 to 70 Q, and thus for a feeder of 50 O, a match is obtained with an SWR 
of, at worst, 1*4. 


(2) (I) 



The aerial is constructed in the manner illustrated in Fig. V.13; it consists 
of two arms, defined by 

Qi=k ** 

g 2 = k c ai(p ~ a) 

and 

q t =k e a0p “* ) 

q 2 = k e fl(<p “*“ a) # 

Spiral (2) is derived from spiral 7 by a rotation of <x° about the origin 0 . The 
second arm, which consists of spirals (5) and (4), is symmetrically placed about 
the origin with respect to the first arm. 

If the mean length of the spiral is greater than the longest of the working 
wavelengths, the parameters are relatively independent of frequency. Good 
diagrams are obtained with spirals about one and a half turns long. 

It is noteworthy that the polarization is rectilinear when the length of an 
arm is small in comparison with the wavelength. When the frequency is in¬ 
creased, it becomes elliptical, and finally circular. Further, polarization which 
is perfectly circular along the axis of maximum radiation becomes elliptical 
on either side of this direction. 
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V.5.3.2. The Slot Aerial 

According to Babinet’s principle, a dipole and a slot are inverse and com¬ 
plementary structures. The diagram of a rectangular window is therefore 
similar to that of a dipole (see Fig. V.14). 



Slot 

Fig. V.14. Analogy between a slot and a dipole. 

The polarization of the waves is reversed; thus if the dipole provides vert¬ 
ical polarization, the complementary aperture will give horizontal polariza¬ 
tion. The impedance of the slot is inversely proportional to that of a dipole, 

^dipole * Z s iot = (120tc) 2 . 

The polarization which is provided in this way is therefore linear. The fading 
of the signal which results from the mismatching of the polarization during 
the missile’s trajectory is a serious problem. To overcome this difficulty, 

X 



circular polarization must be employed either at the ground or on the 
projectile. If the polarization is made circular at the ground, there will be a 
loss of 3 db with respect to the maximum gain. It is, on the contrary, possible 
to obtain circular polarization on the missile by exciting the slot by means 
of a dipole, suitably inclined in the plane of the slot (see Fig. V.15). 
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When the dipole is inclined at an angles, a transverse component appears 
which excites the slot; the phase of this component differs from that of the 
dipole current by about n/2. There are two fields, therefore, combining in 
quadrature; that of the dipole and that of the slot. If the centre of the dipole 
coincides with that of the aperture, a circularly polarized wave will be ob¬ 
tained. 

V.5.3.3. A Special Aerial Arrangement for Use with Spinning Missiles 

Consider the missile shown in Fig. V.16. At the tips of the two fins, 1 and 2, 
two folded dipoles are incorporated; these dipoles are denoted by D t and D 2 . 



The incident wave is of the form Ee J(0t . It falls simultaneously on the two 
aerials, and the amplitudes at D x and D 2 resepctively are 

V Dl = E sin 6 = E sin cot 

V Dl = E cos 6 — E cos cot. 


Receiver 



Fig. V.17. The phasing circuit. 


If a phase-change of tz/2 is introduced into one of the channels (see Fig. V.17), 
the resultant field is 2 E sin cot . 

The diagrams in the plane of the missile and in the plane normal to it are 
shown in Fig. V.18. 
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The degree of ellipticity is a function of the phase change 2 nd/A which is 
introduced. 

An almost perfect match can be obtained with a standing wave ratio of M 
or 1*2 for the working frequency. 



Fig. V.18. Radiation diagram in the plane of missile and plane normal to it. 



Radiation diagram 


C 



Fig. V.19. Layout of missile proximity-fuse aerial. 


The diagrams of Fig. V.18 show that it is easy for a combat aircraft to 
follow a rotating missile. 

It may be necessary to incorporate into this missile, which we suppose to 
be tactical, a device known as a proximity fuse; a device which causes the 
rocket to blow up as soon as it reaches a distance less than or equal to some 
predetermined critical value. We assume, in fact, that the missile never 
exactly reaches the goal. The aerial diagram should have symmetry of revolu¬ 
tion about the axis of the missile, and the direction of maximum gain will be 
perpendicular to the missile itself. To achieve this, a Kandoian loop can be 
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employed, contained within an insulated section of the fuselage, in the way 
shown in Fig. V.19. 

The radiation diagram consists of a torus, the inner part of the surface of 
which is tangent to the missile. The impedance characteristic of such an 
aerial is shown in Fig. V.20, 



Fig. V.20. Variation of SWR as a function of frequency. 



Fig. V.21. Description of the rocket-aerial. 

This section concludes with a description of a telemetry aerial, designed 
to transmit back to earth information from a laboratory missile which might, 
for example, be used to study the influence of cosmic rays at high altitudes. 
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This rocket travels from low to high altitudes, therefore, and if the informa¬ 
tion is all to be received unimpaired at the ground, the aerial must radiate 
downwards, and with symmetry of revolution about the axis of the missile. 

The aerial consists of the body of the missile itself (see Fig. Y.21). The 
resonant rod (A/4) placed on the nose of the missile excites the latter, which 
may be regarded as a dipole. If the diameter of the propulsion system is equal 
to one-fifth of the total length, the current distribution will be more uniform 
in the lower part of the dipole, and this results in a radiation diagram which 
is more intense in the downward direction. By varying the length of the rod, 
therefore, a situation can be reached in which the missile is perfectly excited. 


V.6. PROCEDURES WHICH ARE EMPLOYED TO INCREASE 
THE EQUIVALENT AREA OF MISSILES STATICALLY 

When a radar unit is being used to track a missile, it is usually found that 
the equivalent area of the missile is too small for the reflected echo to be 
received in the normal way by radar. This area is, therefore, artificially in¬ 
creased; some details are now given of how this may be done. 

The “equivalent surface for a radar echo” can be defined as the surface- 
area of a section of a sphere which would reflect an echo of the same intensity 
as the system in question, in the direction of the incident radiation. 


V.6.1. Three Mutually Perpendicular Surfaces 

In optics, a light ray incident upon a trihedral reflector returns along a path 
parallel to the direction of incidence. This property remains valid at high 
frequencies (see Fig. V.22). A trihedral element of this kind has an angular 
aperture of njl steradians, so that for all directions in space to be covered, 
four such units would have to be used, each turned through njl radians with 
respect to its predecessor. In fact, only directions below a horizontal plane 
are of interest, and hence at most two of these trirectangular trihedral ele¬ 
ments will be required. 

The three perpendicular planes can be triangular, square, or circular (see 
Fig.V.23). 

When the angle at the apex is n/2, the reflector is said to be “monostatic”, 
that is, that the reflected ray is parallel to the incident ray. 

Alternatively, trirectangular trihedra which have the property of reflecting 
the incident ray with a certain change in direction can be used. These reflectors 
are called “bistatic”, and the apex angle of such trihedra varies between 87 
and 93°. 

The equivalent surface presented to a radar echo by a reflector is given by 

r = A x G 
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in which A and G are the equivalent surface and the gain respectively when 
the reflector is regarded as a radiating aerial. The relation between A and G 
is thus 

G = i. 

For paraboloids, as we have already seen, the surface A is about 0*75, in 
which S is the actual surface area which the reflector presents. 



Fig. V.22. A trirectangular trihedron returns a reflected ray in the same direction 
as the incident ray. 



Fig. V.23. Common types of trirectangular trihedron. 
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To a first approximation, the calculations can be simplified by supposing 
that the relation 

A = S 

is true. 

For a triangular, trirectangular trihedron, we have 

S = f R 2 cos q) 

in which cp is the angle which the diagonal of the cube makes with an edge 
(<p = 54-74°). Thus 

S = 0-8 66R 2 . 

In the case of a circular trirectangular trihedron, the surface area is 

5 = 1*3 6R\ 

Further, the gain, (/ max , is related to the angular aperture, oc, of the radiation 
diagram by the formula 

r = — 

w max _ * 

If oc expressed is degrees, k = 10,000. 

The gain of the monostatic reflector is greatest in the direction of the bi¬ 
sector of the apex angle of the corner. The gain falls by a half, with respect to 
its value along this direction, for directions which make an angle of 35° with 
the latter. 

If the radius of the circle, r, in a circular trirectangular reflector is equal 
to at least A (the wavelength), the equivalent surface is given by 

r _ I6n r 4 

:T~ I 7 * 


The gain of such a reflector can be expressed in terms of a Gaussian curve; 
each point on the reflector is regarded as a source of radiation, the phases 
associated with the various points being assumed to be random. <40) 

As a result 



with 



in which oc 0 is the angle which corresponds to the gain at half the maximum 
power; for oc = <% 0 , therefore. 
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and hence 

p = ilog e 2 ~ 0-35. 

The ratio of the equivalent surface for a radar echo, T , to the real surface, 
S, is of the form 



The maximum value of a 0 for which the ratio T/S also takes its greatest 
value, with oc fixed, can now be calculated: 

<i m i i 

A(Xq \ S) OCq *0 

Thus for ot 0 = oc ^/(2 /ll) , T/S has a maximum: 



in which k = 10,000 if oc is expressed in degrees. 


V.6.2. The Luneberg Sphere 

The Luneberg sphere is a dielectric lens. It consists of a family of con¬ 
centric layers, the refractive index, n , of which varies according to the law 

n = VP - (eim 

in which q is the distance between the point considered and the centre of the 
lens, and R is the maximum radius of the sphere. 

The light rays follow the trajectories shown as dotted lines in Fig. Y.24. 
The focus of such a lens lies on its own surface. 

If a reflecting wall is placed on this surface it is found that an incident ray 
will, after reflection at the mirror, adopt the path which is symmetrically 
placed about the axis Ox with respect to the incident trajectory. 

The function of echo reflection is thus efficiently performed for every 
direction which lies within a cone of angle 6 . The maximum value of the 
angle 6 which the lens will accept without suffering any loss of apparent sur¬ 
face, is equal to tz/2; to be able to reflect in any direction, therefore, would 
require four lenses. For the region beneath a horizontal plane, two lenses 
suffice. However, a certain loss of equivalent surface can be tolerated, and 
in this case the maximum angle 6 is 140°; which allows the use of a single 
Luneberg sphere. 
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The equivalent surface of a Luneberg lens is given by the expression 




4 tz 3 R* 
X 2 


in which R and X are the radius of the sphere and the wavelength employed, 
respectively. 




Fig. V.24. Luneberg sphere. 


The equivalent surface is therefore a rapidly increasing function of fre¬ 
quency; the same sphere can, however, be used for frequencies over the 
range 3000 Mc/s to 10,000 Mc/s. 

It should be mentioned that measurements of equivalent surfaces give 
results sensibly equal to half their theoretical values. 


V.7. LINKS WITH DIVERSITY 

The RF signals which reach a receiver fluctuate both in amplitude and in 
polarisation; the problem is to transmit the information along several in¬ 
dependent transmission channels in parallel, in an effort to reduce the un¬ 
desirable influence of noise or fading. 

We shall distinguish between spatial diversity, polarization diversity, fre¬ 
quency diversity and phase diversity. 

With spatial diversity, the aerials at the receiver are separated from one 
another by a certain distance in such a way that the aerials receive the same 
wave at different phases. If at a time t the amplitude of the resultant wave 
passes through a minimum at aerial number 1, it will have a higher value at 
aerial number 2. 

For example, the phase difference between two aerials is given by 

. 47th E • Ah 


Xd 
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in which h E is the height of the transmitting aerial 

Ah is the distance between the two receiver aerials 
d is the transmitter-receiver distance 
X is the wavelength. 


Thus for 
we find 


A(f = 71 


Ah = 


Xd 
4 h E ' 


In fact, when the link is with a missile, d and h E vary, and it is difficult to 
choose Ah in such a way as to arrive at A(p = n exactly, whatever the position 
of the missile. 

With polarization diversity, the resultant signal comes from a combination 
of several signals which have been transmitted by carrier waves emitted with 
various different polarizations —horizontal, vertical, clockwise circular, and 
anti-clockwise circular; or again, these carrier waves may have elliptical 
polarizations, and be distinguishable only their different degrees of ellipti- 
city. 

When there is frequency diversity, the information in the signal is emitted 
simultaneously on carrier waves with different RF frequencies.The difference, 
Af , between two frequencies which correspond to a phase change of n is 
given by 


A'Tth E h E 


f is a function of d and h E or h Ri and these quantities alter as the missile 
travels. 

With phase diversity, the information is retransmitted in a sequential 
fashion. The interval between two successive transmissions is chosen as a 
function of the propagation anomalies which one is liable to encounter. 

To benefit from the diversity, equipment which is sensitive to the cleanest 
signal is employed in the system. 

Two possibilities are open for this; either the least noisy of the transmission 
channels is selected by commutation, or a “combiner” used, in which the 
signals coming from the different transmission channels are combined to 
provide an improved signal-to-noise ratio. 

The order of diversity indicates the number of transmission channels 
which are simultaneously conveying the information; for reasons of economy 
it rarely exceeds four. 

With a commutation device, the signal-to-noise ratio of the complete 
transmission is equal to that of the least noisy channel. If, however, the two 
signals are added according to a quadratic law, it can be shown that even 
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the more disturbed channel makes a contribution towards improving the 
signal-to-noise within the diversity-combiner. 

The combined signal-to-noise ratio,(S'/lV) comb , with diversity, is expressed 
in terms of the individual signal-to-noise ratios (S/N), of the individual chan¬ 
nels by the expression 

(£L-(? WJ 4 



Fig. V.25. Percentage distortion at output of a diversity combiner as a function 
of the phase difference and the levels of the two signals. 


When the signal-to-noise ratios of all the transmission channels are equal, 
the resulting improvement, as a function of the degree of diversity, is shown 
in the following table: 


Order of 

Improvement in the 

diversity 

signal-to-noise ratio in db 

1 

0 

2 

3 

3 

4-7 

4 

6 


When frequency modulation is used, the signal S is constant along each 
channel, and 


(*L-*>/(? ok)- 
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If, however, the signals S along the various channels differ widely as a result 
of fading, the performance of a diversity-combiner tends to show very little 
improvement over commutation. 

It is part of the very principle of diversity that a distortion should appear 
at the combiner stage if the signals to be combined should be other than 
exactly in phase and of equal magnitude. In Fig. V.25 are plotted the dis¬ 
tortion curves in the case of diversity of the second order. 

In the above diagram, the signals E y and E z at the input of the combiner 
are sinusoidal, and the phase and amplitude of E 2 are varied with respect to 
those of E t , which are regarded as constant. 

If supplementary signals are combined with E 1 and E 2 , whose values of 
phase difference and amplitude difference are smaller, the distortions are 
reduced. 



CHAPTER VI 


RADIO LINKS FOR RE MOTE-CONTROL 
AND TELEMETRY EQUIPMENT, 
REGARDED AS MULTIPLEX SYSTEMS 


This chapter is concerned with the problem of how several messages may be 
transmitted by the same carrier. These messages are such remote-control 
commands such as “dive”, “climb”, “left” and “right”; or they may equally 
well be measurements, for example of pressure altitude and vibration. The 
procedure adopted when several channels are grouped together onto a single 
carrier is known as multiplexings each type of message will be transmitted 
along a different channel. 

We shall distinguish between distribution over frequency and distribution 
in time. 

In this chapter the merits of different kinds of multiplexing are also dis¬ 
cussed; in particular in terms of the intermodulation which may occur be¬ 
tween different channels. 


VI.l. MULTIPLEXING BY DISTRIBUTION OVER FREQUENCY 

Each channel or limited family of channels separately modulates a sub¬ 
carrier wave. The different subcarrier waves are staggered in frequency. The 
difference between any pair of subcarrier waves must be such as to reduce 
to a minimum the overlapping of the spectra belonging to adjacent sub¬ 
carrier waves. The subcarrier waves are mixed forming a complex signal 
which is in turn used to modulate a carrier wave. 

We shall say that the modulation is MX-MY when the subcarrier wave is 
modulated by the signal in the form MX (which might for example be AM, 
FM or SSB) while the subcarrier waves modulate the carrier wave in the 
form MY. 


VI. 1.1. Intermodulation Between Channels 

The limitations imposed on information by non-linearity were seen in 
IV.4, but only for the case of a single signal. 

In the most general case, the output signal S is related to the input signal E 
by the relation 

S = a^E + “b CZ 3 E^ -j- * * * + a n E n . 
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When the input signal is composed of several transposed frequencies, we 
have 

E= e w + e J(02t + — + e Ja>pt 
and the output signal becomes 

S' = a L [e j<ott + e i£02t + ••• + e ja>pt ] 

+ a 2 [c j(0it + c ja>2t + ••• + c Ja>pt ] 2 
+ 

+ a n [e j(0lt + e JW2f + + c jt ° pt ]\ 

The amplitude corresponding to the fundamental terms f L ,/ 2 , ...,/ p is 
a x ; corresponding to the second harmonic 2/ 1? 2/ 2 , 2/ p , it is a 2 \ and 

correspondingly for the higher harmonics. 

In addition to harmonics of the fundamental frequencies linear combina¬ 
tions of these frequencies of the form 

fi ± f 2 ’ fl ±/ 3 ? • • • > fi ±fp 

fl ± fz 9 f 2 ± • • ->fl ± fp 

fl ±f 2 ±/ 3 ,.. m/i ±f 2 ±fp 
fl ± fz ±/3 ±fp 

are introduced by the non-linearity. 

Normally, the frequencies of the subcarrier waves are produced by os¬ 
cillators which are independent of one another, and which thus have arbi¬ 
trary phases. 

If the number of intermodulation products is high, they will all combine 
together into white noise. 

As an example, we consider three frequencies only, and n = 3: 

S = + e J “ 2 ' + e***) 

+ a 2 (e J<ott + e*** + e*" 3 ') 2 
+ a 3 (e Ja,t + e Jm2 ‘ + e J< ° 3 ') 3 

= «ie w 

i-X 

+ E + 2Ee J(a>1+ “ fc) ‘J 

+ a 3 j^E e i3a,t + 3 £y (2<a ' +0 ”‘ ), J. 



RADIO LINKS FOR REMOTE CONTROL 


145 


From this example it is seen that the amplitude of the intermodulation 
product of the form(2<u f + oj k ) is three times that of the corresponding third 
harmonic. 

The amplitudes of the intermodulation combinations are greater than 
those of their associated harmonics. 

When the number of subcarrier waves is reduced, at most only the third 
harmonic need be considered; the problem at the preliminary design stage 
is therefore that of selecting the values of the subcarriers to minimize the in¬ 
fluence of the intermodulation terms. 


VI. 1.2. Selection of Channels for Remote-control and Telemetry 
Equipment with Several Subcarrier Waves 

It will be assumed that the amplitudes of the signals of which the whole 
multiplex group is composed are all equal to unity. The composite signal, 
including all the transposed frequencies co l , co 2 ,..., e%, can be written in the 
form 

N 

X = Yj cos °*it 

i = 0 

and, writing x t = cos corf, this becomes 

N 

X = Y J x i . 

i-0 

The signal at the output is therefore expressed by 

y = Z «***• 

Jfc = 0 

We make use of the basic relationship 

cos A cos B = i[cos (A + B) F cos (A - I?)] 

= i Z cos ± 

+ and — 

in which the symbol £ is to be interpreted as a sum over all possible per¬ 
mutations. + and — 

This relationship can be generalized to cover cases where several cosine 
functions appear: 

U = (cos yl) a (cos B ) b ... (cos Z) z 

= —ttt—t —7 Z cos + A + A + + Z + Z+ •••). 

0 a + b + ... +z-1 x — — — — — — ' 

jL -f and — 
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In the bracketed term, there are: 

a terms, A ± A ± A ± ••• 
b terms, ± B ± B ± B ± •*• 


z terms, ± Z ± Z ± Z 


The function x k is composed of the sum of terms of equation (VI. 1), multi¬ 
plied by the coefficients associated with the binomial expansion (k = a 
+ b + c + — + z). 

It is well known that a function 


can be expressed as 


*-E 


x* = 

k\ 


{x l )\x 2 ) b ... (x n y 


in which 
and as a result 


t\a\\\b\\...\z\\ 

\a\ + \b\ == + |z| = k, 

1 kl 


y lL a k 0 iai + im +... 


* 2l a ! + l b t + •• • + i z l |a|! |6|!... |z|! 


x cos {aa> 1 + bco 2 + “* + zco N ) t. 


It has been assumed that the terms a k decrease rapidly when the index takes 
higher values, and that the amplitudes of the interference products cos (aco x 
+ bco 2 + *'* + za) N ) t are identical to the product. 

(cos co x t^ a \cos CD 2 t^ b K.. (cos CO N t)^ Z [ 

For intermodulation to occur, an interference product must lie within the 
bandwidth, with the requirement 

|<z + 6 + c+ **-+z| = l. 

Interference only appears, therefore, if the products are superimposed onto 
one of the original signals. Given that the coefficients of the form a k decrease 
very rapidly, terms beyond third order need not usually be considered. And 
indeed, these are in practice the most troublesome. The intermodulation 
products increase very rapidly with the number of useless frequencies. For 
a large number of signals, therefore, one is obliged to regard the spectrum 
of the multiplex system as a uniform one, and the preceding calculation is 
difficult to apply. 
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A choice of frequency distribution is required for remote-control and tele¬ 
metry equipment, in which the number of channels is limited to six. The 
distribution is regular when the width of the space between two adjacent 
transposed frequencies is a constant. In this case it should be mentioned that 
the signals most likely to be affected by interference products lie at the middle 
of the transposition. 

It is obvious that the level of the interference depends upon the amplitudes 
of the other signals in the band. The third order products combine as the third 
power of the signal amplitudes. 

The resultant frequency of an interference product is 


with 

We write 


and 


Q — aa> x + bco 2 + zco N 

a,b, z ^ 0. 

(x) x = X l O ) 1 
CO 2 ~ A 2 &) 1 


co 3 = X 3 a) x 

(O jy /IjyCOj 


— — aX x + bX 2 + ••• + zj Ijv 

COi 


The following inequalities must be satisfied: 

— + = 1 
«>1 

4 s X 2 

4 = X N 

Djco 1 can be regarded as a point in iV-dimensional space; and this point 
has to be chosen as far as possible from the hyperplanes defined by 
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The ideal position for this point is the centre of the hypersphere which has 
these hyperplanes as tangents, and this determines the values of the ratios 
A, A 2 ,... Ajv * 

To make the bandwidth as small as possible, values of A which correspond 
to points on the curve of Fig. VI. 1 are chosen. 

For a few frequencies only (4) a lesser degree of coupling between the 
channels may be required, and as a result the bandwidth must be increased, 
and larger values of A chosen (see curve 2 of Fig. VI. 1). 



Fig. VI. 1. Values of Aj, A 2 ,...»As as a function of the number of transposed 

frequencies. 


In the preceding discussion the problem when it is the frequencies which 
are modulated has been deliberately omitted. In frequency modulation, the 
intermodulation product relative to the order k occupies a bandwidth equal 
to k times the frequency deviation of the subcarriers which are being com¬ 
bined. These, however, are independent of one another, and the spectrum 
tends to become gaussian when the number of signals which contribute to it 
becomes large. 


VI. 1.3. The Minimum Bandwidth 

When the number of channels is limited to 6, the transposition frequencies, 
•••j/e* are determined from the curves shown in Fig. VI. 1; the 
maximum frequency which has to be considered is/ 6 + ^, where 38 is the 
bandwidth occupied by the modulation. For AM, PM or FM the minimum 
HF bandwidth is 2(/ 6 + J*). 
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When the transposition is regular and the multiplex system has n channels, 
the minimum HF bandwidth to be considered is ^HF = 2«F max . In fact, 
however, the filters employed at the receiver are not perfect, and to compen¬ 
sate for their deficiencies, the transposed frequencies have to be separated by 
more than twice the maximum LF frequency which is to be transmitted. 

We shall adopt a value of yj 2 as coefficient, so that taking into account the 
supplementary separation which corresponds to a ratio 2, 

(-^HF)min = 4< v /2flF max . 

This equation is valid for AM-AM, AM-PM, FM-AM and FM-PM 
arrangements. 

With SSB-AM or SSB-PM multiplexing, the minimum bandwidth is 

(^HF)min “ 2yj2nF max . 

The cross-modulation phenomenon therefore imposes a lower limit on the 
width of the transmission bands, and further, the modulation and demodula¬ 
tion processes must be linear. It is above all important to avoid over mod¬ 
ulation, which is an important source of harmonic distortion. This basi¬ 
cally means that an upper limit on the modulation factors of the subcarrier 
waves is imperative. 

When a carrier wave is modulated by a signal which consists of several sub¬ 
carrier waves, the possible effects can be divided into two classes, depending 
whether the number of subcarriers is small or great. 

When the subcarrier waves are few in number (n < 10), the phases of the 
signals may coincide, and in the limit, the modulation depth for a channel is 
n times smaller than that of the totality of channels. 

When the number of equally transposed channels is great, the probability 
of all the subcarrier waves being simultaneously in phase at the same time is 
very small. 

We condude, therefore, that the result that the root mean square value of 
the composite signal increases as the square root of the number of chan¬ 
nels. The modulation depth of a channel is therefore yjn times smaller. 


VI. 1.4. Signal-to-Noise Ratios 

For a single channel, the values of the signal-to-noise ratio, with amplitude 
modulation and frequency modulation respectively, are 
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and 



2 kF m 


3m 2 , 


m = 


Af 


For a multiplex link in which the channels are transposed singly, the noise 
on each is always bounded by the useful frequency interval, O — ; it is 

the same therefore as in the case of a single link. Further, if the power of the 
transmitter is assumed to be unaltered, the useful power available to each 
channel will be smaller. For a few channels only, therefore, (n < 10), 

(JL) 

Wam W 2 
and for a larger number of channels 

\Nj am \n / 2kF mm 


With frequency modulation, the noise N k in a channel acts over a band width 
fk ” (fk + ^max); fk being the transposition frequency. The channels with 
higher transposition frequencies are in less favoured positions, since in the 
following equations, f k is seen to be in the denominator: 


and 



for n < 10, 

for n > 10. 


The improvement afforded by frequency modulation over amplitude 
modulation is defined by 


^FM/AM — 


(SIN) fm =m2 ^ /AfV 
(S/N )am \fk) * 


More generally, the improvement in signal-to-noise for an MX-MY 
arrangement can be written 


MY /AM 


(SIN)mx-my 

(Wam 


K 1 M i K 2 M 2 


in which K t and K 2 are constants associated with the first and second kinds 
of modulation, and M t and M 2 are the corresponding modulation indices. 
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The values of G, due to B.D. Holbrook and J.T. Dixon, are summarized 
in the following table. 


Table VI.l. 



Few channels 
n < 10 

Many channels 
n > 10 

Gam/am 

n~ 2 


Gfm/am 

0-75 F^JS 2 n ~ 2 

0-75 FLJS 2 nr 2 

Gam-am/am 

0-125/r 2 

0-062 n- 1 

t?AM-PM/AM 

0-031 n~ 2 r 2 y 2 

0-011 irVV 

Gfm-am/am 

0-093 n~ 2 r 2 

0-011 n-V 2 

t*FM—PM/AM 

0-375 n~ 2 r 2 

0-035 ,r l r 2 

^SS-AM/AM 

x(n) • tr 1 

x(n) tt~ l 

^SS-PM/AM 

0-75 x(n) n~ 1 r 2 y 2 

0-75 x(n) n~ x r 2 y 2 


In this table, n is the number of channels, is the maximum LF fre¬ 
quency transmitted by a channel, y is the safety factor which we have taken 
equal to y/2, ^ is the IF bandwidth and r = The values of 

x(«) are as follows: 

n 1 4 12 48 72 oo 

x(n) 1 1*6 2-5 5 6*2 16 


VI.2. MULTIPLEX SYSTEMS WITH TEMPORAL DISTRIBUTION 

In the preceding section, it was seen that a message can be transmitted by 
sampling the input quantity by means of pulses, subject to the condition that 
the sampling frequency must be equal to at least twice the maximum fre¬ 
quency, F max , of the input signal. We denote the sampling or repetition 
frequency by / r , and choose it to be 


fr = 3F max 


Between each sampled pulse there is an empty space, which can be used 
for the interpolation of other message pulses, or in other words, of other 
channels. In this way we obtain a multiplex system with the various chan¬ 
nels distributed in time (see Fig. VI.2), 

Each channel is sampled at the same frequency, f r and the space between 
two pulses is characterized by T r , the interval between two adjacent pulses. 

If the channels are to be easily distinguishable, it is necessary to provide a 
synchronization pulse, distinct from the others; the various channels are 
then distinguished by measuring their phases with respect to that of the 
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synchronization pulse. The latter is recognizable from among the channel 
pulses by its shape (it may be longer or greater in amplitude). 

When the multiplex has n channels, therefore, the repetition frequency of 
the pulses is given by 

fr = 3 nF max . 
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Fig. VI.2. Multiplexing with time distribution. 


This relationship is valid for PAM, PPM, PFM and PDM multiplex equip¬ 
ment. PNM (pulse number modulation) systems and PCM (pulse code mod¬ 
ulation) systems require m pulses to represent 2 W distinct levels, and hence for 
n different channels, the repetition frequency becomes 

fr = 3 mnF max . 


VI.2.1. Cross-modulation 33 

Cross-modulation in temporally distributed multiplex systems arises from 
residual signals from the adjacent channels. These parasitic signals, whose 
form is exponential, interfere with the required signal as shown inFig.VI.3. 



Fig. VI.3. Perturbation of wanted pulse by residual signal. 


It can be grouped into three main categories: low frequency trailing and a 
group arising from various other causes. 

VI.2.1.1. Low Frequency Cross-modulation 

This arises from the RC networks in video-amplifiers. Figure VI.4 shows 
the way in which an RC circuit affects the input pulse. 
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During the interval 6 t , the grid potential obeys a law of the form 


v g — k e~ t/RC = (a — A) e~ tlRC , 


so that for t = Q x , 


v g = (A - a) e 


— QljRC 


and during the interval 0 2 , 




Fig. VI.4. Waveform distortion in RC circuits. 


At time t = 0 29 the initial potential should be v g = a again. This gives 

t -0 2 IRC _ e -(0i +0 2 )/RC 
a = A i _ e -(fli + »2)/iic * 

In fact, the time constant RC is always much greater than either 6 1 and d 2 , 
so that 


U - /I - . 

0i + 0 2 

Suppose that one of two adjacent pulses undergoes an instantaneous 
variation of amplitude A ; accordingly the channel is perturbed in the follow¬ 
ing way: 

AV g = AA[l ^ e - 0l/KC ]e- 02/KC 

and by neglecting all but the first terms of the series expansions for the ex¬ 
ponentials, this reduces to 

RC * 


AV a = A A 
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The cross-modulation is given by 

AV g _ 

AA RC 

and so long as is constant, the cross-modulation is linear. 



Fig. VI.5. Modulation of the falling edge duration of a pulse. 


When n is the number of channels and when these are not modulated at 
the same frequency and have arbitrary phases, the powers combine quadrat- 
ically. This is equivalent to increasing the cross-modulation itself by y]n. If 
the amplifier contains N stages, the total cross-modulation per channel will be 

Q 

C^max)pAM ^ yj ^ * 

RC 

Consider now the situation when the modulation in the channels is of the 
pulse length. This modulation might, for example, be applied to the falling 
edge of the pulse (see Fig. VI.5). 

As before 

v g = (a- A) + Ae- 0 *l Rc . 


Suppose that 6 ± increases by an amount A6 1 ,(d 1 + 0 2 ) remaining constant. 
Then 

AV.= - —-e- 92/RC J0 2 = — 

RC RC 


or 


AV„czA 


Adi 

RC ' 


This amplitude variation results in a phase change A 0[ at the face of the 
adjacent pulse, such that 


AV g _ A 

Adi r 


or 


Ad[ _ _r_' 
Adi ~ RC ’ 
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in which r is the rise-time of the pulse; for N stages and n channels, therefore, 
the maximum cross-modulation per channel is given by 




PDM 


= Nyjn 


x 

He' 


The cross-modulation coefficient can be reduced by shortening the rise¬ 
time t of the pulse. 

With position modulation, it can be shown in a similar way that the cross¬ 
modulation coefficient is 




PDM 



A. 

RC ' 


VI.2.1.2. Trailing Cross-modulation 

The spectrum of the pulses is more widely spread when the rise-time is 
shorter. Since the bandwidth of an amplifier is limited, the components of 
the spectrum outside the band must be attenuated, and the pulse, therefore, 
distorted. This distortion has the appearance of a slow tail at one end, (see 
Fig. VI.6) and this encroaches upon the zone occupied by the next channel. 

The time constants, y T are here much shorter than in the case of LF cross¬ 
modulation. 



The response of an amplifier to a pulse is of the form 

F(t) = A( 1 — e -,/Vr ) for the rising edge. 

F(t ) = .<4(1 — e -< ‘ -<> ‘ >lv ) for the falling edge. 

The rise-time r must be considerably shorter than the pulse length 0 X . 

The residual signal in amplitude modulation is effectively given by 

( Av \ _ Yr_ e -02/yr 

\AAj al> 0 , 

For N stages, with n-channel multiplex, the cross-modulation coefficient 
per channel is 

(A™)pam = i\r-^ e - 9 ^ 

01 

and is thus independent of the number of channels. 
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With pulse duration or pulse position modulation, we find 

(Anax)pDM and PPM ~ N — e 2 ^ r . 

Yr 

Since d 2 varies with the modulation, the above formula gives the maximum 
distortion when d 2 is a minimum. In the remaining cases, the distortion 
ceases to be linear. 

VI.2,1.3. Various Other Types of Cross-modulation 

The instruments used as “modulation converters” are generally not linear, 
and introduce intermodulation noise. 

An “amplitude-duration” converter converts amplitude modulation into 
pulse duration modulation; between one pulse and its successor, a residual 
signal remains which is proportional to the maximum amplitude of the 
pulse, and this affects the rising edge of the following pulse—the duration 
of the transformed pulse is, in consequence, also affected. This residue con¬ 
stitutes the cross-modulation of the converter. 

Where “duration-position” converters are concerned, the residue of the 
differentiated pulse is of the form 

» = Ae"*', 

T 

so that at the end of a time 6 = 6 X + 


r 

When there is an increase Ad, due to the modulation of a perturbing 
channel, the amplitude of the residue will be 

du = 

T 

and this variation Au results in a shift of the edge by an amount 

Au du 1 - t jy r 

A6 l dr r 

VI.2.1.4. The Consequences of Intermodulation; Choice of Pulse Width 

If the pulses were perfectly rectangular, the maximum width which an 
unmodulated pulse could be given would be T r = l// r . To prevent the channels 
from encroaching upon one another, the instants at which two successive 
unmodulated pulses appeared would have to be separated by T r . The pulses 
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are not, in fact, rectangular; and furthermore, the modulation itself shifts 
the leading edges of the pulses in pulse position and pulse duration modula¬ 
tion, and this increases the possibilities of overlapping. A safety margin must 
therefore be provided, and one is obliged to shorten the pulse-length to a 
value T t < T r . 

We arrange that T t < kT r , in which k is a coefficient smaller than unity. 

The maximum values of k for which the cross-modulation separation is 
better than 60 db have been calculated by Landon, and are set out in 
Table VL2. 

Table VI.2. 


Modulation 

kmax 

PAM-AM 

0*25 

PAM-FM 

0-5 

PDM-AM 

0-125 

PDM-FM 

0-125 

PPM-AM 

0-097 

PPM-FM 

0-097 

PNM-MX 

0-333 

PAM-PCM-MX 

0-333 


With the aid of the values given in this table, T t can be deduced once 
T r = l/3«F max is known. The minimum HF bandwidth is then 

(^HF)min = 1/^1 • 


VI.2.2. The Signal-to-Noise Ratio 

The pulse input to the receiver is contaminated with noise, and the wave¬ 
form is similar in essentials to the waveform drawn in Fig. VI.7. At the receiver, 
therefore, the pulse must be cleaned up, or shaped, as much as possible; to 
do this, two methods are available: gating and “slicing” (shaping by clipping 
and limiting). 




- !M*ii**h*^ 


Fig. VI.7. The waveform of a received pulse. 
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It can be arranged that the receiver remains blocked in the absence of a 
pulse; or even better, in the case of PAM modulation, the pulse which has 
been received can be gated by a reading pulse, which is narrower, and which 
eliminates the noise on the edges (see Fig. VI.8). It is clearly not possible to 
do this when the modulation affects the edges of the pulses. 



Fig. VI.8. Elimination of noise by gating for PAM pulses. 



When the modulation is PFM, PDM or PPM, the pulses can be sliced at 
about half their height, as shown in Fig. VI.9. By doing this, the background 
noise is suppressed between the pulses and during the central part of the 
pulse, when it has its peak value. The noise then only affects the edges of the 
truncated pulse, as can be seen in the diagram. 

In multiplex equipment using coded modulation (PCM or PNM), the 
desired information is expressed by the presence or absence of a pulse. This 
kind of yes—no transmission allows the simultaneous use of limiting, gating 
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and slicing. Ideally it is therefore possible to produce perfect pulses, free of 
noise. If, in fact, the amplitude of a noise pulse is equal to half the useful 
level, and is of opposite sign, the code pulse will, after all, be affected by the 
noise. There is, therefore, clearly a limit to the signal-to-noise ratio. 

Despite these efforts to reduce noise, the signal-to-noise ratio always has 
an appreciable value, which is more or less large according to the type of 
modulation selected. If the above improvements are taken into account, and 
if the bandwidth is given the value calculated in the preceding section, the 
improvements in signal-to-noise ratio, compared with amplitude modulation, 
are those summarized in the following table. 


Table VI.3 


Transmission system 

n> 10 

G PAM-AM/AM 

hn 

G PAM-FM/AM 

0-068 n-V 2 

G PPM-AM/AM 

0048 /I' 1 /- 2 

G PPM-FM/AM 

0-435 n~ x r 

G PNM-XX/AM 

oo 

G PAM-PCM-XX/AM 

DO 

G PDM-AM/AM 

0-168 ir‘r 

G PDM-FM/AM 

3-23 /i- 1 /- 


n : number of channels 

F max : maximum frequency transmitted by the 
channel 

J'hf : IF bandwidth 


This indicates that in coded modulation, the signal-to-noise ratio is infinite. 
In practice the quantization noise must be taken into account. 

The modulating signal is of the form: 

x = A sin£?f. 

After quantization, it becomes 

y = x + e(x) 

in which e(a) represents the error introduced by quantization, 

= 1) — s»n-x. 

2 »=i mt a 

After decomposing the amplitude A into p quantization levels, we find 
A = pa. 
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It can be shown that the minimum value, K, of the ratio of the signal 
amplitude, pot, to that of a harmonic is 

K a- 9p 3 ' 2 . 

Further, the total energy within the error e(t) can be shown to have the 
value 

- 1 f r a 2 

e{t) 2 = — e 2 (t) d t ~ — . 

T Jo 12 

Since the signal energy, S , is 

S = ip 2 * 2 , 

the signal-to-noise ratio will be 

(S/N) min = 6 p 2 , 

and if m is the number of lineary digits in the code, 

/>(m— 1) 

P = 2 

and hence 

(SIN) min = (6m + 2) db. 

Note: In systems in which the pulses are sliced at half their height, it is 
the amplitude of the signal at the shaping level which has to be considered 
when evaluating the signal-to-noise ratio. 


VI.2.3. Sampling and Distribution Procedures 

One method of pulse multiplying is to apply the basic pulse, of repetition 
frequency /, to a delay line with n tappings, {n being the number of chan¬ 
nels). The delays are 0, 20, 30, nd; and the resulting n pulses are mod¬ 
ulated by the n LF inputs signals. 

By adding the signals leaving the modulators, we obtain multiplexing in 
the form of a sequence of pulses (see Fig. VI. 10). 

The generator can consist of a suitably driven bistable multivibrator, (binary). 
A transistor binary circuit is shown in Fig. VI.ll. When the transistor T 1 
is cut-off, T2 conducts and vice versa. Cut-off of the transistor T 1 is ensured 
by the collector potential produced by the current from T2 passing through 
R e . If the multivibrator is to work properly, the following inequality must 
be satisfied: 

R c C > — 

L 

in which / is the cut-off frequency of the transistor. 

The time constant, R E C E , must be at least equal to the commutation time. 



i time distribution. 


ring with 



torized binary. 
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The binary is driven by a periodic voltage; alternatively the combination 
can be replaced by an astable multivibrator (free-running). 

The delay line usually consists of a sequence of lumped components with 
constant values of L, M , C, as shown in Fig. VI.12. 

A number of results have been given by Libois for the design of delay lines. 



Lo 



Fig. VI.12. Delay line with lumped parameters/ 53) 
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If r is the resistance of the inductor L, and if x is the ratio of the working 
frequency and the cut-off frequency of the line,/ c (x = f / f c ), the attenuation 
when x is very much less than unity is given by 


A = 


mr 


2 Z c 


(1 


x 2 )" 1/2 . 


Modulators vary according to the type of modulation which is employed. 
For further information, the reader is referred to the chapter on the differ¬ 
ent types of modulation. 


VI.2.4. Synchronization 

The use of a synchronization pulse is imperative when pulses from differ¬ 
ent channels have to be distinguished from one another at the receiver. To 
be able to pick out this reference pulse from amongst the rest, it can be given 
a different shape; or several pulses, resembling those used in the multiplex 
channels, can be grouped in a special way. 

The synchronization signal may be distinguished by having a greater 
amplitude than the remainder, but this is not generally desirable since the 
pulses will be shaped at the receiver to reduce the effect of noise. 



r 

V 


Fig. VI.13. Detection of synchronization pulse. 


On the other hand it is easy to detect a pulse which persists longer than the 
others. At the receiver it is only necessary to change the pulses into saw-tooth 
form (see Fig. VI.13) for the longer pulse to be identifiable by its amplitude. 

To separate the various channels, the time interval separating the falling 
edge of each channel pulse from the synchronization pulse has to be noted. 





164 


RADIO REMOTE-CONTROL AND TELEMETRY 


The synchronization “message” can alternatively be sent as a pair of 
pulses, identical with those in the channels, but fixed at a constant distance 
apart. 

Let 0! be the length of each pulse and d 2 the distance between them 
(0 = + 0 2 ). The selection at the receiver is made by superimposing the 

synchronization signal onto an identical pulse, a distance 6 away (see 
Fig. VI. 14). 


Synchronization 



1 I-1 

( I I Synchronization 

pulse 

Fig. VI. 14. Detection of a synchronization pulse consisting of a pair of pulses. 


The pulses in the channel are classed with respect to the pulse ( b ) of the 
synchronization signal at the transmitter. To avoid any risk of the shift 0 
producing interference between the displaced synchronization pulse (b) and 
channel (1) it is necessary to ensure that 6 < T g . 

T g represents a safety time between the channel pulses. 


VI.3. THE THRESHOLD RANGE OF A RADIO LINK 

The problem is to calculate the maximum distance or range which can be 
reached, when the power and gain at the transmitter are P E and G E respect¬ 
ively, taking into account the minimum power which is acceptable at the 
receiver for a given signal-to-noise ratio. This distance will be an idealized 
value, as in practice the type of propagation would have to be taken into 
account and also the effect of fading of the transmission, although the latter 
is difficult to include. 
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VI.3.1. Minimum Power at the Receiver to Ensure 
Adequate Protection against Noise 

The signal-to-noise improvement with frequency modulation, G F m/am 
= 3 m 2 is only valid when the amplitude of the carrier wave is considerably 
larger than the noise level. For example, frequency modulation becomes use¬ 
ful when the (SIN) input > 9 db. Similarly, for pulse modulation, it has 
been seen that slicing at about half amplitude is effective only if the noise 
peaks are lower than this level. Further, when noise peaks reach the amplitude 
of the signal pulses, the synchronization devices can no longer work. We 
shall subsequently assume, therefore, that the signal-to-noise ratio is greater 
than 9 db. The relationships of Tables VI.l and VI.3 are valid only under 
these conditions. 

The peak power of a sinusoidal carrier wave is equal to twice the mean 
power. Where background noise is concerned, the peak power is sixteen times 
greater, under the above conditions, than the root mean square noise power. 
In periods of intense noise even this value can be exceeded, but with a prob¬ 
ability of less than one part in 10 4 . 

The background noise at the input of a receiver is equal to 


P N = Fkm 


in which F is the noise factor, T the absolute temperature, k = 1*381 
x 10“ 23 joules/degree and £8 is the frequency bandwidth of the receiver. 

For frequencies higher than 500 Mc/s, the noise factor exceeds 10 db. We 
shall take F arbitrarily equal to 16. This value covers most cases. The mini¬ 
mum power at the receiver is therefore 

CP/Omin “ SFjV, 

= 3*2 x 10- 20 F@i watts 

when 38 is expressed in cycles per second. 

It should be noted that for pulse modulation, the transmitter is inoperative 
except during the emission of a pulse. The mean power, therefore is reduced 
in the ratio [i =f r i&. When the receiver input is sliced at half amplitude, the 
signal power must be four times as great. As a result 

0P*) min = 3*2 x 10~ 2 ° qF& 

in which q = jjl for the PAM-AM system 

2 = 4 (x for the PPM-AM, PFM-AM, PDM-AM, PNM-AM and 
PAM-PCM-AM systems 
q — 1 for the other systems. 
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VI.3.2. Minimum Power at the Receiver to ensure a Given 
Signal-to-Noise Ratio in the LF Channels 

It is desirable to establish a given LF signal-to-noise ratio in the n chan¬ 
nels of the multiplex systems to allow the corresponding HF bandwidth to be 
calculated. 

An amplitude modulated HF link has two sidebands, f 0 ± F max . The noise 
in the two bands adds quadratically, so that the noise is yf 2 times as large 
as in a single sideband. In other words the LF signal-to-noise ratio q 0 is 
(2/^/2) 2 = 2 times higher than the HF sidebands-to-noise ratio: 

_ 2 ( sidebands \ _ / carrier \ _ P R 

\ noise / hf \ noise J HF 2 FkTF m&x 

In the following, the LF bandwidth is regarded as being twice the maximum 
LF frequency. 

The power necessary to ensure a signal-to-noise ratio of q 0 with the AM 
arrangement is therefore taken as a standard of reference 

P R = 2FkTF mm q 0 . 

Denoting the HF signal-to-noise ratio improvement of the instrument in 
question by G, the mean power necessary at the receiver is therefore 

P R = 2FkTF max —. 

u 

We have to find the value of the bandwidth ^ HF for which P R has a mini¬ 
mum, knowing that the HF bandwidth must be greater than (^ HF )min — 1 /7* 
to eliminate distortion and intermodulation C^HF > (^H F )min)* 

The bandwidth has also an upper limit, introduced by practical consider¬ 
ations (presence of IF with wide bands). 

(^H F )rnax < 50 Mc/s. 

^HF < (^HF)max- 

There is yet a third condition to satisfy, that 


Pr ^ CPr) min 

with 

(ftOmin = 3*2 X 10- 20 qF@ hf . 

In Fig. YI. 15 are plotted curves which represent these equalities and in¬ 
equalities with P R as ordinate and as abscissa. The shaded regions are 
thus forbidden. The point A represents the origin of the working region. 
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The gain G is that of Tables VI. 1 and VI.3. It falls with the number of 
channels; thus as the number of channels increases, the curve P R = /(G) 
shifts upwards. Generally speaking, we always choose the lowest point on 
the curve P R — /(G), provided it does not lie in the shaded zone. 

If the curve P R — /(G) is a horizontal straight line (this is the case with 
AM —AM and PAM-AM equipment), the point which corresponds to the 
minimum bandwidth is chosen. 



Fig. VI. 15. Limits on received power P R as a function of HF bandwidth/ 103) 

When, on the other hand the possibility of jamming arises, the narrowest 
HF band possible is employed, and the value of the power at the receiver will 
correspond to the point of intersection of the function P R = /(G) with the 
vertical & HF = (^ HF ) min . 

J.P. Voge has published a table of experimental results obtained with this 
method which is reproduced below (p. 168). 


VI.3.3. The Maximum Range of the Link 


The relation between the power at the transmitter and that at the receiver 
as a function of the distance d , the wavelength X and the effective areas S E 
and S R of the aerials, is 


Pe = Pr 


Pd 2 

$eSr 
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Table VTA Minimum power at the receiver in pW (10~ 12 W) 


System 

n — 4 

n — 12 

* = 48 

<N 

7 

PCM-FM 

0*211 

0*94 

5*12 

11*5 

PNM-FM 

PAM-PCM-FM 

0*46 

1*36 

5*42 


PNM-AM 

PAM-PCM-AM 

0*60 

1*8 

7*4 


SS-PM 

0*43 

2*77 

515 

1760 

PAM-FM 

0*77 

4*97 

3050 

10,250 

PDM-FM 

M2 

22 

3500 

5870 

PPM-AM 

0*086 

6*2 

3950 

13,500 

FM-PM 

0*68 

8*42 

5450 

18,300 

SS-PM-FM 

1*27 

20 

13,000 

44,100 

FM-AM 

1*08 

26 

16,600 

56,300 

PPM-FM 

3*03 

163 

26,000 

58,500 

AM-PM 

1*97 

53 

34,000 

116,000 

PDM-AM 

7.1 

615 

98,600 

222,000 

SS-AM 

574 

17,200 

690,000 

1,040,000 

PAM-AM 

574 

17,200 

690,000 

1,040,000 

AM-AM 

18,300 

275,000 

11,000,000 

16,500,000 


Distance Attenuation 


Noise factor 
dB 

20 


15 
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noise 

level 

-dBm 


90 
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Fig. VI. 16. (a) Determination of receiver noise level, (b) Determination of free 
space attenuation between two isotropic aerials/ 79) 
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Introducing the gains of the aerials, G E = 


4tcS b 

T 2 


and G R = we have 


Pe= Pr 


(4n) 2 

GeGr 



Usually, two cases are possible at the aerial; either the transmitting and 
the receiving aerials are both isotropic (omnidirectional) or one of them is 
directive. 

If the diagrams of both aerials are isotropic, we find 



It is seen from the preceding equation that the power required at the 
transmitter is greater at shorter wavelengths and hence higher frequencies. 
It would seem advantageous, therefore, to employ low frequency links. How¬ 
ever, the dimensions of the missile and of the aerials are limited, and as a 
result the working frequency may not fall below a certain value. A second 
limitation, which creates a minimum for the carrier frequency, results from 
the quantity of information which the carrier has to be able to transmit 
without distortion. Further, the kind of link to be employed must be taken 
into account (extra-terrestrial, tropospheric, ionospheric, etc.), as this dictates 
the frequency range which can be used. A value for the minimum frequency 
which is compatible with all these conditions has to be deduced. 

Two nomographic charts which enable the parameters for a given link to 
be established readily are given in Fig. VI. 16. 

Note: The equation for attenuation in free space ignores possible fading, 
it is advisable to allow an additional margin of safety of 20 db in the power. 


VI.4. COMPARISON OF DIFFERENT TYPES OF MODULATION 
AND MULTIPLEXING 

Different types of modulation and multiplexing can be described in terms 
of a number of different characteristics, such as 
—the maximum range 

—the bandwidth required by the information 
— protection against interference 
—the quality of the transmission 
—the ease with which it can be achieved. 

The relative importance of each of these characteristics depends upon the 
application. The problems encountered in telemetry and remote-control are 
thus of different natures. 
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Protection against deliberate jamming is more likely to be imperative 
for remote-control than for telemetry. The quantity of information, on the 
other hand, is usually greater in telemetry than in remote-control, since a 
greater bandwidth is necessary for the measurement of some phenomena 
than for the transmission of a remote-control command. 

As can be seen from Table VI.4, the minimum power at the receiver is 
smaller for PPM-AM, PCM-FM, SS-PM, PNM-FM and FM-PM equip¬ 
ment when the number of channels is low (n = 4). If the number of channels 
increases, the minimum power with a PPM-AM link becomes prohibitive, 
whereas a PNM-AM multiplex is still practicable. It should, however, be 
noticed that a PCM-FM system, with conversion in time, is, in every case, 
advantageous, as also are PNM-FM and PAM-PCM-FM. 



Fig, VI.17. Variation of signal-to-noise ratio improvement as a function of 

r = SHnF m ax . 

In comparing the improvements in signal-to-noise ratio, three cases are to 
be distinguished: those in which the gains are of the forms, firstly, (T/«)r 2 , 
secondly, ( B/n)r , and, finally, the cases of PNM-MX and PAM-PCM-MX 
modulation. 

Among modulation devices with a gain of the form (A/tijr 2 , the highest 
value for A is 1*5, and corresponds to SS-PM modulation (this is for the 
single channel case). For systems with a gain of the form ( B/n)r , the largest 
value of the coefficient B is associated with PDM-FM for which it is equal 
to 3-23. 

It seems, therefore, that the arrangements to be compared are the multi¬ 
plex systems SS-PM and PDM-FM. The two gains are equal when the 
relation 

'-'SS-PM ~ Lr pDM _ FM 
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is satisfied, which implies 

1-50 — r 2 = 3-23 - r, 
n n 

or 

r = 2-15. 

So long as r remains smaller than 2*15, G> DM _ FM is greater than the gain 
with SS-PM modulation; for r > 215 the converse is true. 

Let us now try to compare pulse duration modulation and coded modula¬ 
tion. It was seen in the chapter on noise that 

[(5/iV) LF ]p DM = [(S/N) hfIpdm ^ 

in which A T eff is the effective value of the displacement of a pulse and 
e = 1/2^ is the pulse rise time. 

Consider a concrete example. For a twelve channel multiplex, AT eff is 
2 jjls, and e = 0*2 /us, hence 

, 20 db. 

(•S'/ -A Ohf Jpdm 
for a bandwidth 3S = 2 Mc/s. 

With coded modulation, at least six binary digits are required in the code 
to ensure that the quality of the link is acceptable. If the synchronization 
pulse resembles one of the channel pulses, 

fr = 6(12 + l)F max 

with F max = 10 kc/s, f r = 850kc/s. The band occupied by the pulses has a 
width = 2f r = 1*7 Mc/s, which is virtually the same as the width we should 
select with PDM modulation. 

If, therefore, it is supposed that the signal-to-noise ratios at the input are 
equivalent for the two types of modulation, and equal for example to 20 db, 
it can be seen that the signal-to-noise ratio at the output is equal to 40 db 
for PPM modulation, whereas for coded PCM modulation, it is 60 db; this 
can be seen from Fig. IV.5, in the chapter on restrictions on information. 

For a smaller input signal-to-noise ratio, on the other hand—10 db for 
example —we obtain 

[(SIN) out pot]pDM = 30 db 

and 

[(*^/^)outpot]pCM “ 10 db. 

In this case position modulation seems preferable to coded modulation. 
In fact, with a choice of bandwidth of 1*5 f r for the PCM modulation, or 
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1-275 Mc/s, the bandwidth conditions would no longer be equivalent. In 
Fig. VI. 18 are a series of curves which express the HF bandwidth as a func¬ 
tion of the signal-to-noise ratio for various types of modulation. The com¬ 
parison favours PCM-AM and PCM-FM systems, which occupy a narrower 
band for a given signal-to-noise ratio. 



Signal - to noise ratio 

Fig. VI.18. Bandwidth-signal-to-noise ratio characteristic for various types 
of modulation/ 845 

We now consider the problems introduced by jamming. The essential 
precautions against this disturbance are based upon four points: 
—increasing the power to the maximum 
—reducing the bandwidth to the minimum 
—using the diversity procedure 
— coding the information. 

Since the information must necessarily be coded, one is tempted to choose 
the PCM procedure. It is, however, possible to code the channels by agreeing 
that it shall be the respective positions of several pulses in a well determined 
sequence which determines the code, and thus to employ the PCM principle 
less directly. 

PCM modulation is undoubtedly the most appropriate procedure for limit¬ 
ing the bandwidth. The anti-jamming problem is an important one particu- 
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larly where the remote-control of missiles is concerned. Since remote-control 
commands require only a small amount of information, the information pulses 
can be time-spread in a sequential form. 

Suppose that a response time of 0-3 seconds is sufficient for a remote- 
control order to be transmitted; with a bandwidth of 200 c/s eight remote- 
control channels can be employed. In fact, with five digits at our disposal 
there are 2 5 , or 32, possibilities. But a minimum of 2 3 = 8 digits are necessary 
to retransmit information. There are thus some digits over, which can be 
used for coding the information. 

Further, if the synchronization pulse is regarded as a supplementary digit, 
the period of a digit will be 0*3/6 = 0*05 seconds which corresponds to a 
frequency of 20 periods. For the circuits to be compatible with this informa¬ 
tion, however, a bandwidth of 200 c/s would be selected. The PCM procedure 
is thus valuable for the retransmission of information with a very small 
bandwidth. 

Where telemetry is concerned, the retransmission must be faithful in 
terms of the linearity between the measured and detected variation; for this 
the FM-FM and FM-AM procedures are found to be very satisfactory. 
The most frequently employed telemetry links at present are FM-AM 
and FM-FM. 



CHAPTER VII 


THE GUIDANCE OF MISSILES 
BY RADIO RE MOTE-CONTROL 

There is a distinction between self-guidance and remote-control guidance of 
missiles. Remote-control guidance is effected from a control-post which is 
either stationary or mobile, according to whether the operator directs the 
missile from the ground or from an aircraft. Self-guidance does not require 
the intervention of any human agent at all; once the missile has been launched, 
it steers itself automatically towards its target by means of a self-steering 
mechanism known as a homing-head. This is a device which detects any 
error between the missile-target direction and the axis of the missile. This 
error is applied to a control system which automatically corrects the error 
in the course. 


VII.l. THE POSITION OF REMOTE-CONTROL 
IN THE NAVIGATIONAL SYSTEM 


In order to remotely control a missile towards a well-determined goal, it 
is essential that its position coordinates, those of the target, and their rates 
of change, should be known at every instant. Once these parameters have 



Fig. VII.l. Missile guidance installation. 
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been ascertained and recorded, an interception can be accomplished by 
sending remote-control commands which direct the missile towards its goal 
by actuating its flight controls; the commands may also operate other sys¬ 
tems in the missile. 

The position and speed of the missile and the target can be plotted either 
by means of radar, or with an IFF (Interrogation Friend of Foe) device. 



Fig. VII.2. Method of guidance. 


The data provided by radar or the IFF can be fed into a computer which trans¬ 
forms the polar coordinates into cartesian coordinates so that the movements 
of the missile and its target can be displayed on an XY recorder. This display 
can also be performed electronically in the form of points on the screen of a 
long-persistence oscilloscope. The altitudes of missile and target can equally 
well be recorded. A typical complete control installation is illustrated in 
Fig. VII.2. Once the relative motions of the missile and its goal have been 
measured, the correction required to ensure an interruption is known. The 
remote control effects this correction by actuating the missile control systems 
via the automatic pilot. 

The function of the automatic pilot is to transform the remote-control 
instructions into movements of the missile. 

The navigational technique is related to the kinematics of the missile; the 
way in which the remote control instructions are carried out will depend 
upon this. We shall distinguish between velocity navigation, which attempts 
constantly to direct the velocity vector along the line joining the missile to 
its target and positional navigation, where the coordinates of the missile 
alone are considered. This second navigational technique is only applicable 
when the missile is not very fast-moving, and when no great accuracy is 
required. 

By means of remote-control, the behaviour of the missile is decided and 
imposed upon it from the outside (this is not the case with self-guiding 
missiles). A more detailed diagram of a guidance system with remote-control 
is provided in Fig. VII.3. 

The calculation of the correction is often performed by a human operator 
who gives the remote control commands as he judges appropriate to correct 
the error in the course of the missile. It is often difficult to establish adequate 
equations for the operator and thus difficulties arise in stability analyses. 
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The occurrence of oscillations in the complete guidance sequence may in fact 
depend upon the operator. 

The nature of a manual control must, therefore, be compatible with the 
response-time of the operator. It has been found that a human operator can 
easily control, for example, the flight behaviour, the speed in normal flying 
conditions and the landing or retrieval of a target aeroplane, but finds it 
difficult to follow rapid manoeuvres. When the flight takes place at a con¬ 
stant altitude, for example, it is preferable to provide the automatic pilot 
with a barostatic probe, or a radio altimeter probe, and to exclude a human 
intermediary. 


Missile 

i- 

i 



i 

i 


Missile 

motion 


Fig. VII.3. Guidance by remote-control. 


So far as the choice of remote-control is concerned, the problems which 
arise can only be solved subject to considerations of information capacity, 
jamming, range, noise levels and cross-modulation between the various 
remote-control channels. 

When there is noise, and a velocity —and hence a derivative —is involved, 
a false guidance order may occur on account of this noise. This perturbation 
can be suppressed by filtering, but this is an operation which introduces error 
into the detection of the missile-target direction error. 


VI 1.2. PILOTING BY REMOTE-CONTROL 

Since the role of the automatic pilot is important in the navigation pro¬ 
cedure, its structure and the ways of guiding a missile will be described before 
considering the various remote-control commands. 










Plate I. Launching a CT 20. 



Plate II. A CT 41 missile on its ramp. 





Plate IV. A fire-control post. 





Plate V. An AM remote-control transmitter. 









Plate VI. An FM-FM remote-control transmitter. 




















Plate VII. A LIRNA position-finder. 












Plath VIII. The automatic pilot of a CT 20. 

{1) motor which is actuated by the “left” or “right” commands of the remote- 
control and which sets the reference angle. (2) yaw, course disc and potentio¬ 
meter detector. (3) directional gyroscope. (4) vertical gyroscope. (5) rate gyro¬ 
scope, indicating the angular velocity of roll d9?/d/. (6) roll angle detector. 
(7) cradle control motor. (8) height control setter (reduction geared motor). 
(9) gimbal potentiometer. 
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VII.2.1. The Automatic Pilot 

The remote-control commands are applied to the automatic pilot which 
transforms the electrical magnitudes into mechanical quantities —alterations 
to the settings of the flight controls. The latter in turn act upon the flight- 
behaviour of the missile, and hence upon its trajectory (see Fig. VII.4). 


Remote-control 

Automatic 

Control 

Missile 

Missile 

commands 

pilot 

settings 

dynamics 

course ^ 


Fig. VII.4. The function of the automatic pilot. 

Stabilization must also be introduced into the system, often in feedback 
form, since otherwise the missile would oscillate about the desired direction. 

The angles which define the orientation, and their derivatives, for example, 
can be determined by means of a gyroscope and a rate gyroscope; and with 
the aid of a resetting feedback, the correction is applied to the guidance 
controls. 

Further, the measured angle through which the flight controls are moved 
is compared with the desired angle, in order to ensure that the piloting is 


Guidance 

commands 


Torque, 


-CEO- 


Control 

angle 


QrGJ 


Missile 




Missile speed 


Guidance loop 


course 


Fig. VII. 5 Diagram of the automatic pilot. 

RC: stabilizing network; A: amplifier; M: motor; G: flight controls; B: move¬ 
ment of the missile about its centre of gravity; C: movement of the centre of 
gravity of the missile; RF: transducers. 


independent of random perturbations which might occur. We must clearly 
distinguish between the control loop for positioning the controls, the stabiliza¬ 
tion loop and the complete guidance loop which includes the operator. The 
overall arrangement of an automatic pilot is shown in Fig. VII.5. 


RRC. 12 
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Three signals have, therefore, to be fed into the automatic pilot: 

—the guidance instructions themselves 
—the feedback from the flight controls 
“the missile reference and stabilization signals. 

It should be noted that when a missile banks durin flight, it loses altitude. 
An automatic “climb” device is therefore incorporated in the “height” loop 
which behaves like the function A(sec<p — 1), in which cp is the inclination 
of the missile. 

The missile can, in general, be navigated in one of two ways —position and 
velocity. Positional navigation requires that the turning angles —for height 
and inclination —are proportional to the remote-control signals 

P = Ki S P , 

cp = K 2 S l9 


in which S p and S t represent the remote-control signals which correspond to 
height and inclination. 

For velocity navigation 


dt 


K t S t 




d cp 
~dt 


K'Si, 


This introduces an integration into the guidance loop, and as a result a 
phase-change of nj 2, which must be compensated for. 


VII.2.2. The Remote-control Commands and their Channel Allocation 

The coordinates of the missile (M) and its target ( T ) are known at every 
instant with respect to a fixed station, O, The problem, therefore, is to 
remove any difference in direction between the vectors OM and OT , and to 
ensure that the function \MT\ is always a decreasing function of time. The 
problem is to decide what remote-control command is to be given, and for 
how long, in order that the guidance law be followed perfectly. 

There is a relation connecting the angular errors e y and e z with respect to 
the reference direction in the aircraft (differences in direction and position, 
or skew, between the axis of the missile and the missile-target direction) and 
the angular errors in direction and position between the vectors OM and OT 
and axes fixed with respect to O . It is in general 

e y = f(Ad , Aoc) 

= g(Ad,Aa), 
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If the functions / and g are known, the problem is simple, and in general 
the times for which the elementary commands used in remote-control (dive, 
climb, left, right) are applied are proportional to a y and e z . 

Calculation of the functions / and g is a relatively complicated procedure, 
as not only are the angular errors A d and Aoc involved, but also the distances 
\OM\ and \OT\ and the control velocities v M and v T of missile and target. 
It is the task of the control computer to solve these equations. The fact that 
the problem is complicated automatically implies cumbersome equipment. 
This computer must therefore be situated on the ground. 

When the missile is of the Air-Air type, the navigation is performed from 
the launching aircraft, and the volume problem is formidable. An interesting 
solution consists of re-transmitting the position and direction errors of the 
missile back to the ground by telemetry; these errors are measured with 
respect to the vertical and horizontal directions, defined by a gyroscopic 
reference. The errors themselves can be measured by means of gyroscopes. 
The values of the correction which must be applied by remote-control are 
thus directly obtained. If the remote-control and the telemetry transmission 
are linked directly by a control system which gives the commands, the result¬ 
ing system is known as “automatic remote-control”. 

The telemetry equipment may also consist of a television unit, with the 
camera placed in the nose of the missile. A UHF transmitter transmits the 
image which is formed, and the operator thus steers the missile by direct 
vision; this is useful for missiles of limited range. 

The remote-control commands which are required are generally of two kinds; 
guidance commands in the proper sense, such as dive, climb, right and left, 
together with supplementary commands, to increase or reduce speed, to 
recover from some manoeuvre, to record or to take photographs, to detonate 
explosive charges, to make smoke, or to put some special device into action. 

Some remote-control commands are mutually exclusive, dive and climb 
for example. Further, all the supplementary remote-control orders will not 
be transmitted simultaneously. Due to this fact, a large number of remote- 
control instructions can be made available in the form of combinations of 
independent primary commands. Suppose there are six remote-control chan¬ 
nels available (as is the case of the remote-control of the Nord Aviation 
CT 41). Two independent groups of orders are formed, A and B. Group A 
covers the channels 1, 2, 3 and 4, while B covers 5 and 6. A command from 
group A and another from group B can be transmitted simultaneously. The 
allocation of the remote-control commands can be described in the following 
way: the symbolic product of the commands corresponds to the logical 
combination “AND”, whereas their sum corresponds to “OR”. 

The command to “keep going” is thus produced at the transmitter in the 
following way: 

(i) in the absence of any other commands it can be produced automatically 
by applying the combination (3).(4) -b (5).(6) 
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(ii) when a command from group A or group B is present, maintain course 
is automatically obtained by applying (5).(6) or (3).(4) respectively. 

At the receiver, the “keep going” message is characterized by the presence 
of a command from any channel, and hence by the combination (1) + (2) 
+ (3) + (4) + (5) + (6). 



Group A 


Group B 

(1) 

supplementary 

(5) 

right 

(2) 

measurement 

(6) 

left 

(3) 

camera 

(5).(6) 

keep going 

(4) 

flame-thrower 



(3).(4) 

keep going 



(2).(4) 

increase speed 



(2).(3) 

reduce speed 



(l)-(4) 

dive 



(1)*(3) 

climb 



d).(2) 

recover 




More generally, suppose there are N remote-control channels. If n is the 
number of channels affected by a command, then the maximum number of 
remote-control commands which can be attained is M = C£ (the number 
of ways of selecting n channels from among N possible channels). M is a 
maximum for n = Nj 2 when N is even and for n = (N + l)/2 when N is 
odd. 

If N = 6 and n = 3, the maximum number of remote-control commands 
which could be achieved would be M = 20. 


VII.3. DECODING THE REMOTE-CONTROL COMMANDS 

The information is transmitted by radio and always appears at the output 
of the remote-control receiver in the form of an electric signal. These voltages 
therefore have to be transformed into a quantity suited to its subsequent use; 
this may be electrical (the circuit which detonates the explosive charges) or 
mechanical. 

The problem is only outlined here, since the object of this book is primarily 
to consider the radio part of the link. It is interesting however to know 
something of the direct applications. 


VII.3.1. The Servomotor that actuates the Height Control 

Figure VII.6 shows such a device. The mean current through the shunt 
motor is determined by the difference between the voltage associated with 
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the position of the control and the electrical signal at the output of the 
receiver. The tacho-generator provides damping. 

Alternatively the system shown in Fig. VII.7 can be used; it is quite 
standard, and was employed in the German HS 293 missile. 



Detector of 
control position 


Tacho-generator 



Fig. VII.6. System for setting height controls. 




Fig. VII.7. Alternation system. 







182 


RADIO REMOTE-CONTROL AND TELEMETRY 


VII.3.2. Description of the Control Equipment in the Nord~Aviation 
Target Missile , CT 20 

The automatic pilot consists of two gyroscopic stabilizers: one against 
yawing, the other against rolling and pitching. The whole device consists of 
a central gyroscope unit, shown in Plate VIII, which provides three reference 
directions; these correspond to the axes about which the craft yaws, pitches 
and rolls. 

Stabilization against Rolling (see Fig. VII.8 and Plate VIII). A contact, 
which is linked to the roll rate gyro and is sensitive to roll, is constrai¬ 
ned to move across a disc attached to the vertical gyro. The disc has two sec¬ 
tors, one insulated and one conducting. 

The contact-disc circuit is thus affected by the appearance of roll and this 
is used to modulate the mark-space ratio of the flapping aileron control 
surfaces on the missile wings, so as to correct the roll. 



Fig. VII.8. Diagram showing course control, roll and yaw stabilization, by the 
automatic pilot in the Nord-Aviation CT 20. 


Stabilization against Yawing (see Fig. VII.8 and Plate VIII). During 
straight level flight the wipers of the yaw detector and the directional control 
potentiometers are at their midpoints; as a result the high speed relay is 
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unenergized. If a perturbation causes the missile to yaw, the detector is 
offset and the relay is energized, in the appropriate sense. This drives the 
cradle motor until the control potentiometer produces a voltage equal and 
opposite to that of the detector. This moves the roll detector disc which 
actuates the flapping ailerons in a manner which corrects the yawing. 





Fig. VIL9. Diagram showing height control and pitch stabilization, by the auto¬ 
matic pilot in the Nord Aviation CZ 20. 


To carry out a change of course by remote-control, the command operates 
one of the power relays associated with the motor which rotates the yaw 
detector potentiometer card. This sets a new yaw reference angle proportional 
to the duration of the command; the missile takes up its new course at this 
reference, with roll stabilization. 

Stabilization against Pitching (see Fig. VII.9). Equilibrium corresponds to 
the central position of the wiper of the height control potentiometer. In this 
position, no current flows through the windings 11-12 and 12-13 of the 
sensitive relay. 
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The fields produced by the windings 1-2 and 3-4, which are supplied by 
the potentiometer which detects pitching, are equal and opposite in sense 
to those in the windings 5-6 and 7-8; the latter are supplied by the control 
potentiometer which is connected to the position of the controls. A magnetic 
equilibrium of the relay is thus established. An external perturbation is all 
that is needed to destroy this equilibrium and this results in an appropriate 
adjustment of the height controls. This unbalance can equally well be pro¬ 
duced by applying the order dive or climb, as either of these orders sets the 
height-control motor in action, and alters the fields in the windings 11-12-13. 
The missile then settles down about the new reference direction which the 
position of the slider of the height potentiometer defines. 


VII.3.3. Control by Mark-space Variation 

Consider the series of rectangular pulses at the output of the remote- 
control receiver shown in Fig. VII. 10. 

The repetition period, 0, remains fixed but the intervals d 1 and 0 2 vary as 
a function of the remote-control commands which are applied (0 = 6 l + 0 2 ). 



o 








© 


Fig. VII. 10. Mark-space variation. 


From the diagram, it can be seen that if 0 A = 0 2 , the mean value of the signal 
is zero, whereas if 0 X > 0 2 , it is negative. This variation can be used to 
actuate elements such as the jet interceptors of a missile, or to turn a motor 
in one sense or the other according to the respective values of 0j and 0 2 . 
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Application to Flapping Aileron Control At the edges of the two wings of 
remote-controlled aeroplanes are to be found two mobile flaps (these may 
take the form of flaps mounted and moving perpendicular to the wing surface 
and housed in slots, in which case they are termed “spoilers”; alternatively 
trailing edge flaps, or ailerons, can be used which rotate from “up” to 
“down”). Their mode of operation is illustrated in Fig. VII.11. 



When S x is in the “down” position, S 2 is automatically in the “up” posi¬ 
tion. The slipstream is deflected in opposite senses at S 1 and S 2 , which results 
in a couple about the yaw axis; the lifts of the two wings are altered, and the 
aeroplane therefore banks. 

The ailerons S x , S 2 flap regularly during straight line flight, which means 
that 6 X = d 2 ; if the periodicity is thrown out of balance, however, if for 
example, 6 X is greater than missile banks (in the case illustrated in 

the diagram) to the left. 

Application to Control of the Jet Deflectors. In the case of missiles spinning 
about their axis, four jet deflectors in the form of shutters are provided; these 
act symmetrically at the jet chamber orifice in such a way as to obstruct it 
to a greater or lesser extent. These shutters alternately open and close and 
are coupled together in pairs. For the height channel, the “bottom” deflector 
is closed when the “top” deflector is open, and vice versa. The principle is 
identical for the direction channel. The alternating motion is performed at a 
frequency of 10 c/s. The command itself is defined by the ratio jc = 6 2 /0 x 
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of the periods of the two alternating systems. The quantity x can vary at 
most from 0 to 1. 

As Fig. VII. 12 shows, electromagnets are used to actuate the deflectors. 



Fig. YII.12. Layout of jet deflector. 


When the missile is spinning about its axis, the remote-control commands 
pass through the intermediary of rings connected to a gyroscope. The latter 
commutates the deflector to the corresponding channel while the missile is 
rotating. It carries out a form of change of coordinates related to the rotation 
of the missile about itself. 

SUIIUISITLTL Clock pulses 

j ^ Remote-control 

B 1 command 

_jT_rLn_n _ _ Gated pulses 


Fig. VII.13. Gating of pulses. 

Control by Pulse-counting. This type of control is particularly well-adapted 
for accurate control over some elements, for example, the rotation of a step¬ 
ping motor. As a concrete example let us suppose that the course set by an 
automatic pilot is altered by rotating a reference direction (the wiper of a 
potentiometer). The maximum required course angle is say 5°, with an accu¬ 
racy of 0*1°, and a stepping motor with 50 positions is employed. Passage 
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from one position to the next corresponds to 0-1°. To set an angle ofa° by 
radio, requires the transmission of 10a pulses. The remote-control command 
is applied by operating a relay which closes while the time for 10a pulses 
elapses. The command pulse is made to gate a clock pulse train, and the 
resulting pulses are applied to the stepping motor (see Figs.YII.13 and VII. 14). 



Fig. VII. 14. Remote-control of stepping motor. 


VII.4. EXAMPLES OF RADIO REMOTE-CONTROL SYSTEMS 

VII.4.1. An Example of FM-FM Remote-control 
VIL4.1.1. General Remarks 

By way of example, a double frequency modulation remote-control system 
with six independent channels will be described. The block-diagram of the 
transmitter is given in Fig. VII. 15. 

The elementary orders 1, 2, 3, 4, 5 and 6 connect the LF oscillators O l9 
0 2 and 0 3 into the circuit; these give signals at frequencies F l9 F 2 and F$ 
which modulate the subcarrier waves 0 SPl and 0 SP2 . These two modulated 
subcarrier waves, with frequencies f Sl and / S2 , are mixed, and the resulting 
signal in turn modulates the carrier wave. After amplification, the output 
stage delivers the necessary power at the transmitting aerial. Reception at 
the missile is effected in the following way (Fig. VII. 16). 

The RF signal is fed to an input amplifier; after mixing with a local 
oscillator, it is amplified in an IF stage. The composite signal constituted by 
all the frequency-modulated subcarrier waves is then re-established by means 
of a discriminator. The subcarrier waves are separated by filtering, and the 
LF channels appear at the output of a second discriminator. After filtering, 
amplification and detection, these LF signals control the relays in the order 1, 
2, 3, 4, 5, 6. 
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Fig. VII. 15. Schematic diagram of an FM-FM remote-control transmitter. 
Oi i 0 2 , 03 : LF oscillators; O SPi , 0 SP2 : subcarrier wave oscillators; Mi, M 2 : 
subcarrier wave modulators; 0 P : carrier wave oscillator; M 3 ; carrier wave 

modulator 



Fig. VII. 16. Schematic diagram of a FM-FM remote-control receiver. 

RF: RF stage; M: mixer; MuJ: multiplier; O : oscillator; IF: IF amplifier; 
D\ discriminator; SP : subcarrier wave filter; A: amplifiers; F: LF filter. 
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To increase the number of remote-control channels, starting from these 
six elementary orders, all the possible combinations of these orders can be 
used. An example is given in the table below. 


Table VII. 1. 


Keep going 

1 

Recovery: absence 
of the order 

1 

Dive 

2 

Climb 

3 

Left 

4 

Right 

5 

Camera 

2 + 6 

Make smoke 

3 + 6 

Increase speed 

4 + 6 

Decrease speed 

5 + 6 


VII.4.1.2. Devices for Modulating the Subcarrier Waves 

Two LF oscillators are shown diagrammatically in Fig. VII. 17: one is 
transistorized, the other employs valves. 



Fig. VIL17. LF valve and transistor oscillators, using a resistance-capacitance 

bridge. 
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The frequency is adjusted by altering the capacitor C and the resistors R t 
and R 2 . Signals with only low distortion can easily be obtained, and such a 
device avoids the use of inductors which are usually bulky. The resistor R 3 
in the emitter circuit is adjusted to give the desired output voltage. 

The phase of the subcarrier is modulated by means of a serasoid device. 
A quartz clock generator provides a frequency of 100 kc/s which is then 
shaped to give a control pulse which is converted into a saw-tooth. When 
there is no LF modulation, this pulse is limited at its midpoint. When an LF 
signal is applied the saw-tooth is limited at a different height, so that the 
limiting instant is displaced along the time axis. After differentiation, a phase- 
modulated pulse is obtained (see Fig. VII. 18). 

This pulse passes into a filter giving a sinusoidal wave modulated in phase 
at 100 kc/s. On mixing with a signal at 100 kc/s + / S1 , the subcarrier wave 
with frequency f s i is obtanied. An identical procedure produces the sub- 
carrier wave of frequency f S2 . These two waves are mixed, and modulate the 
carrier. The linearity of serasoid devices is excellent. 

VII.4.1,3. Modulation of the Carrier 

The production of a phase-modulated carrier wave is a standard procedure. 
It is, however, worth mentioning the present trend in the use of certain semi¬ 
conductor devices such as “varicaps”. These elements are basically silicon 
junction slides whose capacitance varies appreciably with the applied bias. 
This is therefore a practical means of modulating the frequency of an oscil¬ 
lator, by varying the tuning capacitance. 

The capacitance, C, is expressed as a function of the applied voltage, V, by 

C = k(V + Vo )- 

in which V 0 is the contact potential of the junction of the order of 0*3 to 
0*9 volts; k is a constant which is a function of the resistivity of the semi¬ 
conductor and the contact surfaces. For an abrupt junction, n = }. A circuit 
of a frequency modulator using a varicap is given in Fig. VII. 19. 

In Fig. VII.20 is plotted the variation of the capacitance C and of the 
quality factor Q = 1 jcoRC as a function of the bias voltage potential. 

From Fig. VII.21, it can be seen that the quality factor passes through a 
maximum when the modulation frequency is 100 kc/s. 

A modulation device using a reactance transistor is shown in Fig. VII.22. 

The transistor 7T oscillates at the frequency of the quartz oscillator Q, and 
the modulation is applied to the transistor T2. The LF signal alters the bias 
of T2, and this modifies the capacitance appearing across the LC circuit in 
the collector of T2. 

The signal at the output of the device passes into a series of frequency 
multipliers. Once the carrier frequency has been established, a “driver” 
stage controls the power amplifier which supplies to the transmitting aerial 
the power nevessary to provide the link. 
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Fig. VII.20. Variation of Q and capacitance of varicap as a function of the bias. 
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Fig. VII.21. Variation of Q of a varicap as a function of the frequency. 



RRC. 13 
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VII.4.1.4. Receiving equipment 

The incoming signal is picked up by the receiving aerial. The input stage 
consists of a transistor Tl and its accompanying circuitry (seeFig.VII.23). 
The local oscillator T2 provides a signal at the collector of the transistor 
which is applied to the two multipliers T3 and T4. This signal is mixed with 
the RF input signal at the base of the transistor T5 whose collector circuit 
is tuned to the IF frequency. The IF amplifier consists of the stages T6, Tl 
and T8. The base-emitter bias of T8 is set to limit the signal before applying 
it to the Foster-Seeley discriminator shown in the figure. 



Output (remote- 
control command) 


Fig. VII. 25. LF detection, production of a remote-control command. 


A complex signal consisting of the two subcarrier waves f sl and/ 52 appears 
at the output of the RF-IF units. In Fig. VII.24, the method of separating 
the subcarrier waves and detecting the LF signal is shown. 

The input signal is applied to the transistors Tl and T2 simultaneously. 
At the output of these two transistors the subcarrier wave is filtered by LC 
circuits so as to reduce to a minimum the subcarrier frequency of one channel 
in the other. 

The phase discriminator circuits are in the collector circuits of the transis¬ 
tors T3 and T4. Their outputs consist of complex signals composed of a 
mixture of the LF frequencies. The signals are applied along each channel to 
the amplifiers T5 and T6 respectively. In the collector circuit of these two 
transistors are three circuits tuned to the three LF frequencies F x , F 2 and F 3 
respectively. 

In Fig. VII.25, the detection of LF frequencies is shown schematically to¬ 
gether with the method of producing remote-control commands. The LF 
signal is rectified in a diode bridge-circuit, and the steady voltage which results 
is used to lift out or cut off the transistor T which is normally biased back by 
the Zener diode in its emitter circuit. As soon as the steady voltage exceeds 
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the triggering threshold defined by the Zener diode, the transistor T passes a 
current through the winding of the relay, and a remote-control command 
appears at the output. 


VII.4.2. An Example of Digital Remote-control 
VII.4.2.1. General Remarks 

The remote-control instructions are in the form of a succession of binary 
words, which are transmitted cyclically. Each order is therefore characterized 
by a digital word, which can be decomposed into two syllables: address and 
command. The “address” syllable indicates the component at which the 
order itself is directed. With a five-digit address, for example, thirty-two 
different combinations are available. To each of these address digits can be 
attached additional digits as a check upon the address which is transmitted. 
When the instructions are of the “yes-no” type, the command syllable con¬ 
sists of two digits, either 11 or 00, which indicate that the command is or is 
not to be executed. A progressive type of remote control can be obtained 
by including enough digits in the “command” syllable, making due allowance 
for the accuracy of the order. 

VII.4.2.2. Transmission 

Since the response-time of an order is inversely proportional to the fre¬ 
quency of the digital rhythm, it is advantageous to speed up this rhythm. 

The whole cycle consists of the sections shown below: 



Since the duration of the interval is fixed at four digits, for a digital rhythm 
of 100 kc/s, the transmission time of an order is 120 (xs (12 x 10 |xs). 

The signal which is obtained is of the PCM type, and can be used to 
modulate either a carrier or a sub-carrier in PSK (Phase Shift Keying) or in 
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FSK (Frequency Shift Keying). The transmitter is shown diagrammatically 
in Fig.VII.27. 

Since the various orders are transmitted cyclically, the corresponding ad¬ 
dresses can conveniently be commutated. This can be done with the aid of a 
ring counter which governs the address store. The digits which form the 
address are provided in parallel form. Each address, and hence each stage of 
the ring counter, corresponds to a particular command. 

An order is conveyed to the transmitter by closing a contact on the corre¬ 
sponding input line. This creates a potential across this line. When this po¬ 
tential coincides with the crest originating in the corresponding stage of the 
counter, the command digit is triggered off. To obtain the PCM signal, we 
have only to perform a series-parallel transformation of the digits. The PCM- 



Fig. VII.27. The general layout of a digital remote-control transmitter. 


PSK signal which is obtained is applied to theHF transmitter which eventual¬ 
ly provides a PCM-PSK-FM signal on a 200 Mc/s carrier. 

VII.4.2.3. The Receiver Unit 

This consists of VHF superheterodyne receiver together with a discrimi¬ 
nator, which gives the PCM-PSK signal at its output. The PCM signal 
in the sub-carrier is detected by comparing the phase of the PCM-PSK 
signal with that of a clock with the same phase and frequency as the digital 
rhythm. 
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The data are detected by correlating the remote-control codes, which have 
been transmitted, with the codes produced locally; the series PCM signal is 
converted into parallel form beforehand, as indicated in the figure. 



VI1.5. OPTIMUM FILTERING FOR MISSILE GUIDANCE 

The guidance of a missile requires the accurate measurement of the para¬ 
meters “position” and “speed”. In addition, delays caused by filtering the 
data must be minimized. Because these two requirements are contradictory— 
accuracy often entails considerable filtering—it is necessary to find an accept¬ 
able compromise between them. 

Further the missile must be suited to the target; its behaviour will therefore 
depend upon that of its goal. This is characterized by its velocity, altitude, 
and the properties associated with its motion (e.g. lateral acceleration). 

The useful signal provided by the tracking radar is subject to random 
fluctuations (echo fluctuations, produced by changes in the equivalent surface 
area of the target, and the phenomenon of scintillation or glint of the phase 
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centre). It is thus necessary to consider the frequency spectra of the signal 
and the noise. If the signal spectrum does not coincide with that of the noise, 
the signal can easily be distinguished from the noise by simple bandpass 
filtering. 

If, on the other hand, the two spectra coincide, there is no way of filtering 
off the signal unless its shape is known beforehand. 

In practice, we say that the filtering of the signal is optimized when the 
signal-to-noise ratio is a maximum. 

Wiener’s method can be employed to attain optimum filtering, assuming 
that the guidance equations of the missile can be considered linear. 


VII.5.1. Optimization of a Linear System 

Consider the linear system of Fig. VII.29. The functions e(t) and s(t ) are 
the input and output signals; their Laplace transforms are E(p) and S(p) 
respectively, and their frequency spectra are <p E (<*>) and <p s (<u) . The spectra 
cp E and 9 ? s , and F(p ), are related by 

<p s (w) = \F(jm)\ 2 (p E (o>). 


e(t) 1 E(p> 

<M»> 


Ftp) 


s(t)Dstp) 

<£ s (w> 


Fra. VII.29. Linear system. 


Suppose that noise n{t) is superimposed on the input signal. If N(p) is the 
Laplace transform of n{t\ we have 


FliP) = 


F 2 (P) = 


Sjp) 

E{p ) 

Sjp) 

NCm 


or 

and 


<Pi((o) = \FAjoj)\ 2 <p E (o>) 
<p 2 (a>) = \F 2 (j'(o)\ 2 <p N (o)). 


The parasitic term is therefore contained within the spectrum 9 ? 2 (co). Its 
mean square value is 

— 1 f +r 

e 2 = lim - e 2 (t) dt , 

T-+ oo 2 T J —T 
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OF _ I* oo f* oo 

e 2 = <p 2 (oj) dco = \F 2 (jo>)\ 2 f N (o>) dco. 

J — oo J — oo 

The requirement is to reduce to a minimum the difference f(t) between the 
measured value and the value s Q (i) known beforehand from the statistical 
properties of the signal. To do this, we attempt to minimize the mean square 
value of e, s 2 (t), where e = s D (t ) — s(/). 

When an interception occurs, e represents the minimum trajectory be¬ 
tween the missile and its target. 

The optimization calculation takes into account the parameters describing 
the behaviour of the target. If, on the other hand, the target knows the trans¬ 
fer function of the missile and its guidance system, he can manoeuvre in such 
a way as to make the separation a maximum. 

It is for this reason that a filter which appears to be the best when random 
accelerations, both in amplitude and direction, can occur may be inefficient 
for some special form of behaviour on the part of the target (level straight 
flight, for example), whereas a simple phase-advance filter would have been 
adequate. 

There is a difference between calculations designed to obtain a filter in the 
most probable conditions, and those appropriate to the worst possible situa¬ 
tion. 

On the other hand if the missile were extremely effective against a target 
in straight flight, its effectiveness against a rapidly varying target, with sharp 
lateral acceleration, would be lost. 

If an interception is to be ensured in every case, the missile should be 
capable of displaying “intelligence”, of appreciating what kind of behaviour 
the target is displaying; it would then adapt its own parameters accordingly 
— which is known as “self-optimization”. 


VII.5.2. Self-optimization 

Suppose that both the effective values of the variations of noise and those 
of the movements of the target vary, while the appearances of the spectra 
remain unaltered. 

If we are to be able to regard the acceleration signal as statistically random, 
its spectral density must be of the form (Ajco 2 ) 2 , in which A is a constant 
and co is the angular frequency in question. White noise corresponds to a 
spectral density of the form B 2 (B = constant). 

Suppose the system is that of Fig. VII.30. 

The difference between the output signal and the input signal onto which 

n + e 

the noise is superimposed constitutes the apparent error e. Here e =- 

1 + P T 1 1 + K 

in which K = G -— • — . 

P P 
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The transfer function which relates the error to the input signal perturbed 
by noise is 


n + e 


= F = 


1 


1 + K 


Variable 


Integrator 
and phase 



- Output 


Fig. VII.30. Self-optimizing system. 


The spectral density which corresponds to e is therefore 


but 


and so 


or 


?>«(«>) = 


i 


|1 + K\- 


(<Pn + <Pe)1 


K(p) = G -•— = —(!+ pT), 

P P P 


|1 + K\ 


2 _ 


1 + 


0 - 0 : 


(1 + jTco) 


2 G G 2 G 2 T 2 
|1 + K\ 2 = 1 - — + — + U 


Selecting T = y/(2jG), we fi nd 


|1 + K\ 2 = 1 + 


G 2 


CO 






GUIDANCE OF MISSILES 


203 


and the spectral density becomes 


B 2 + 


A 2 


cu* + 


<Pe(«)) = 


CO 


l+£ 


= B 2 


A*_ 

B 2 


co 


+ G 2 


in which Gis the gain in the loop and T = (2/G) 1/2 is the time constant of the 
integrator. 

It is to be noticed that by choosing G = G opt = A/B , the spectral density 
is rendered independent of the frequency, and becomes equal to B 2 . This 
is a criterion of quality for the system to be optimal in the presence of white 
noise. 

The mean square error is then 

_ f* 00 

e 2 = 9 ?£(o) dco 

J — CO 


which is equal to 4A 1/2 B 3/2 , 

In order to adjust the gain G to the value A/B at every instant, we use as 
criterion the stability of the spectral density of the error. In fact, when G is 
greater than its optimum value, the spectral density increases with frequency, 
and vice versa. A comparison between the output signals of the two filters F t 
and F 2 , therefore will indicate whether the gain G should be increased or 
decreased. These two filters cover different parts of the spectrum; if their 
bandwidths are equal, the gain G will be optimal when r\ — F\ = 0. The 
sign of r\ — F\ indicates the sense in which the the gain must be adjusted 
to attain the optimum condition. 

We have assumed in the preceding discussion that the signal at the input 
and the noise are stationary. The power of the signal and the noise do in fact 
vary slowly, and to retain the conclusions reached above, the approximation 
that the behaviour is quasi-stationary during a certain time interval must be 
made. The expressions r\ and F\ are in fact obtained after smoothing the 
information. 


VII.5.3. Combined Filtering—Application to Mixed Guidance , 
using Velocity and Acceleration 

The problem is to measure some physical parameter by means of two in¬ 
dependent techniques. If the spectral distributions are different, we can per¬ 
form a filtering free of distortion. 

A velocity can be measured either by differentiating the data regarding the 
position, or by integrating a measurement made upon the acceleration. 
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Where differentiation is concerned, the error is greater at higher frequencies 
and extremely small for frequencies close to zero; whereas when a signal has 
to be integrated, the variations of the envelope of the error spectrum are in¬ 
versely proportional to the frequency. 

Suppose that F a and F p are the transfer functions of the filters, which corre¬ 
spond to measurements of acceleration and of position respectively; N a and 
N p are the corresponding errors (see Fig. VII.31). V is the actual velocity, 
and V D is the estimate of this velocity given by the circuit. 


Velocity 

measurement 


Acceleration 

measurement 



Fig. VII.31. Combined filtering. 


The error in estimating V is thus 

£ v = V D — V = F P (V + N p ) + F a (pV + N a ) — V 
= (F p + pF a — \)V + F p N p + F a N a . 

The system is free of distortion if 

F p + pF a - 1 = 0. 

Assuming that the mean noise levels, N p and N a> are zero, and that these 
functions are stationary and random, the spectral density of the error in the 
velocity, e v , is then 

<Pev = \F P \ 2 <Pp + l-F«l 2 9V 


Presuming the system to be free of distortion, we have 



P 


<P*v 4= Fp<Pp + (1 - Fp) 



so that 
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in which cp p and <p a are the spectral densities which correspond to N p and N a 
respectively. The mean square error in the velocity is of the form 

_ /• 00 

£y = <P e vdw, 

J - 00 

and it is therefore possible to find the expression for F p which makes cp EV a 
minimum if cp p and cp a are known. 

The improvement to be obtained with combined filtering is a function of 
the degree of difference between the spectral densities of the two systems 
being measured. More than two filters can clearly be combined, and the ac¬ 
curacy cannot but be better. It is to be noticed that the theory of filtering can 
be successfully applied to a device with diversity. 

More particularly, the preceding analysis can be applied to mixed navi¬ 
gational systems, using inertia and radio, in which the measurement of the 
acceleration of the inertial system and measurement of the speed by means 
of the Doppler effect are combined. 

Suppose that the noises on the Doppler channel and on the accelerometer 
channel are uniform, and that their spectral densities are (p a — k\ and 
<p p = k\ respectively. H — F1 

The quantity preaches a minimum when k x F p = k 2 - -—, and we 

can thus deduce that the filter to be used must obey P 


F p (p) = 



1 _ 

1 + pT 


in which T = k 1 /k 2 . 

From F p , we deduce that the filter F a should obey 


or 


1 --—- 

1 -F p = 1 - pT 

P P 


T 

1 -pT 


F a 



CHAPTER VIII 


RADIO TELEMETRY EQUIPMENT 


Interest in telemetry began to grow in the early 1930’s, in particular in con¬ 
nection with meteorological work performed with balloons. 

Nowadays, telemetry is widely used and is often indispensable. 

In this chapter, the features which are peculiar to telemetric equipment are 
examined, together with the ways in which the information is reconstituted; 
in conclusion, the chapter is illustrated with a few actual examples. 


VIII.l, GENERAL REMARKS 

VIII. 1.1. The Field of Application 

Where missiles are concerned, two broad categories should be distin¬ 
guished: research missiles, which may or may not be remote-controlled, and 
which carry complicated measuring apparatus for studying the upper at¬ 
mosphere, for example, or even extraterrestrial space, and military missiles. 
In the first case, the role of telemetry is an obvious one, since recording 
equipment is difficult to recover intact. In the second case, this is no longer 
true, for if the missile in question is a remote-controlled target aircraft, it is 
possible to recover it after the flight, and all the essential parameters can be 
recorded by standard methods. The net cost of such devices is more modest 
than that of telemetry equipment, and further, the parameters are recorded 
directly, onto photographic paper for example. 

It seems, in consequence, that we might hesitate before using a telemetry 
device if a simple recorder would suffice. However-even where target air¬ 
craft are concerned, this presents numerous inconvenient features. 

When more than six parameters have to be recorded, it rapidly becomes 
difficult to distinguish the traces given that the recorders must be very com¬ 
pact. 

It is above all important to be able to measure the parameters when the 
missile is still in the study stage. A test flight provides no useful information 
when the missile is destroyed. Research on missiles obliges one therefore to 
use radio telemetry, to know what is happening within the missile during a 
flight. 
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VIII. 1.2. Quantities which are Measured by Telemetry 

There are numerous measurements which can be made aboard a moving 
missile and which one would like to be transmitted through a radio link. 
Physical quantities which are harmful to the course of the flight are detected, 
and their influences noted. The flight parameters which, after interpretation, 
describe the aerodynamic behaviour of the missile, must be recorded. And 
finally, it is sometimes necessary to record the variations of some particular 
physical phenomenon. 

Physical quantities which are harmful include vibrations, accelerations, 
increase of temperature, and internal pressures which result from distortion 
of the hull during the flight. 

The flight parameters of interest are angular displacements and angular 
velocities about the axes of yaw, pitch and roll, the static and dynamic pres¬ 
sures, the fuel consumption and the speed of the missile. 

Finally, the missile may have to measure some physical phenomena such 
as atmospheric radioactivity, ionization and humidity. 

There is also the application of telemetry to the retransmission of a tele¬ 
vision image, either directly or after storing it in a memory. 

All these quantities will be transformed into electrical quantities for radio 
transmission. The operation is effected by a special unit in the telemetry 
equipment itself, which will be studied in the second section of this chapter. 


VII. 1.3 Criteria for a Telemetry Measurement 

The criteria associated with a measurement are fidelity, accuracy, and 
sensitivity. To these general characteristics must be added 

— the need to transmit a great many measurements along a single link 

— cross-modulation between telemetry channels must be reduced to the 
minimum 

— the percentage distortion must be as low as possible 

— an efficient protection against noise must be provided. 

All these criteria can be simply united by defining the information capacity 
of the telemetry system and the information efficiency associated with each 
channel. 

It is also worth emphasizing that materials carried in an aircraft—and more 
generally, those employed in telemetry—undergo physical conditions which 
are often severe (such conditions as those affecting temperature, pressure, 
acceleration, vibration and salinity). Finally everything on board must be 
as compact as possible, compatible with the transmitter power. 

The problem of reconstructing the data will be treated later; however it 
should be pointed out at this stage that the easier it is to interpret the telemetry 
data rapidly on the ground, the more valuable is the telemetry equipment. 
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VIII. 1.4 FM-FM or FM-AM Telemetry 

In choosing the frequency and the distribution of the subcarrier waves, one 
must take into account the width of the desired pass-band for measuring 
possible cross-modulation, and the spacing which is necessary between the 
subcarrier waves if the channels are to be sufficiently separated. 

By using frequency modulation of these subcarrier waves, defects in the 
fidelity of the elements of the transmission chain can be avoided. 

FM-FM or FM-AM telemetry is preferable when one wants to transmit 
continuously over all the channels, and when the required pass-band width 
is large. Further, these arrangements are well-adapted for transducers with 
variable inductance or capacitance (although this is not so when variable 
resistance transducers are used). 

The fidelity of FM-FM or FM-AM equipment is related to the frequency 
stability of the oscillator. To reduce the effects of drift, the frequency changes 
can be increased. 

Under the best conditions, an accuracy of about 1 per cent can be ob¬ 
tained when calibration and balancing have been performed just before the 
mesaurement is made; however a figure of about 3 to 5 per cent is more 
likely when measurements last an appreciable time. 


VIII. 1.5 Telemetry with Commutation 

In commutation equipment, the data from the different measurements are 
switched by means of a commutator which connects the various measuring 
detectors to the modulator in turn and sequentially. The commutator may be 
either mechanical or electronic. 

At the receiver, a synchronized commutator separates out the different 
pulses in the channel which are then demodulated. 

As the measurements are discontinuous, the bandwidth is bounded. The 
number of channels therefore depends upon the width of this pass-band. A 
mechanical commutator can give about 1000 contacts/second. With a pass- 
bandwidth of a few cycles/second, and with 30 contacts/second, about thirty 
telemetry channels are possible. 

Voltages are easy to transmit in this manner, but transmission of a fre¬ 
quency is a more delicate task. 

It is possible to attain high accuracy with this method by using a few of the 
channels in the sequence for transmitting fixed voltages which act as re¬ 
ference voltages at the receiver. 

The two arrangements — continuous and with commutation, can be com¬ 
bined. We have then only to select one subcarrier wave which we commutate. 
The continuous channels are reserved for measurement which require a 
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large bandwidth. In this way a great many telemetry channels can be ob¬ 
tained. It should be noticed that there is a risk that mechanical commutation 
of induction detectors may lead to certain perturbations in transient pheno¬ 
mena. 


VIII.2. FEATURES PECULIAR TO TELEMETRY: THE TRANSDUCERS 

The function of transducers is to transform physical quantities into electri¬ 
cal quantities; the electric signal modulates the corresponding ratio channel. 
Transducers are briefly examined in this section. 

Transducers are of five kinds: 

— variable resistance (strain gauge) 

— variable inductance 

— variable capacitance 

— variable resistance (potentiometer) 

— variable voltage 

In the following table, the uses to which the various kinds of transducer 
can be put are summarized. 

Table VIII. 1 . Types of transducer 


Quantity 
to be measured 

Capacitative 

Inductive 

Magnetic 

Piezoelectric 

Photoelectric 

Radioactive 

Resistive 

Thermo¬ 

electric 

Acceleratoin 

X 

X 

X 

X 



X 1 


Displacement 

X 

X 

X 

X 

X 

X 

X 


Output 

X 

X 

X 

X 


X 

X 


Force 


X 


X 


X 

X ! 


Humidity and moistness 

X 






X 


Level 

X 



X 

X 

X 

X 


Brightness 





X 


X 

X 

Mass 


X 

X 

X 


X 



Pressure 

X 

X 

X 

X 


X 

X 

X 

Temperature 





X 

X 

X 

X 

Thickness 

X 

X 


X 

X 

X 



Speed 

X 

X 

X 

X 

X 

X 

X 


Viscosity 

X 



X 



X 



VIII.2.1. Strain-gauge 

These transducers are basically designed to measure strains. They consist 
of a resistive metal wire (see Fig. VIII. 1) fixed to a thin sheet of paper. 


RRC. 14 
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The surface area a x b of the strain-gauge is very small, so that strains can 
be very easily localized. Variations of the resistance are due to variations of 
the length and hence of the cross-section of the wire. 


I 

i 

Fig. VIII. 1. Resistance wire strain gauge. 



Let R = qljs be the resistance of such a gauge. If the wire is extended by an 
increment Al, and / is the length of the resistive wire, we find 

AR _ Al 

~ T 

in which G is the sensitivity factor or gauge factor; if t) is Poisson’s ratio, we 

have . „ ., 

AR x Al 

—-0 +2rj)-y 


and the sensitivity factor becomes 


G = 1 + 2r] + 




9 o 


where £ 0 is resistivity of the unstretched wire . 

For accurate measurements, the effect of temperature is taken into account. 

If t is the temperature coefficient of the material in question, the resistance 

at t°C is given by _ _ ri , 

6 J H = jR 0 [l +*(t-t 0 )]. 

The relative change of resistance due to this temperature effect is therefore 

AR 


R 


= <x(t - to). 


and this is equivalent to a fictitious strain given by 

Al 


oc{t — t 0 ) — G 


l 


Hooke’s law gives Al as a function of the applied stress: 

Al = Fl/ES , where E is Young’s modulus. The resulting error in the stress 

measurement is thus: „ „ , . 

F _ E*(t - t 0 ) 

~S G * 
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To avoid temperature effects, however, two or sometimes four identical 
strain gauges are placed in a Wheatstone bridge circuit. 

In the following table, values are given of the sensitivity factor G and of the 
temperature coefficient for various kinds of substance. 

Table VIII.2 (52) 


Material 

Gauge factor 

Temperature 
coefficient a 
ohm/ohm°C 

Chromel 

2*5 

_ 

Constantan 

2 

0*00001 

Manganese 

0*47 

0*00001 

Nichrome 

2-5 

0*0004 

Nickel 

-12*1 

0 006 

Phosphor bronze 

1*9 j 

0*002 

Platinum 1 

1 

6 1 

0*003 


The arrangement shown in Fig. VIII.2 employs four strain gauges in a 
bridge circuit. The output voltage is given by 

E _ e ^ 1^4 “““ ^ 2^3 

(R t + R 2 ) (R$ + R*) 

At rest, the balance condition RxR^ = R 2 R 3 is satisfied, so that E s = 0 . 



- Output 


When the strain gauge resistances vary by AR ± , AR 2 , AR 3 and AR 4 , the 
output voltage becomes 

j-, R1AR4. *4“ R4.AR1 — R2AR$ — R 2 AR 2 
s ~ e (Ri + *2) (X 3 + &*) ' 
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Usually we arrange that R t = R 2 = R$ = R* = R> say, to ensure maxi¬ 
mum sensitivity, and hence 

E = g W + ar+) - (AR 2 + AR 3 ) 

S 4 R 

This out of balance voltage is amplified and used to modulate the subcarrier 
waves; the LF frequency is that of e . 


VIII.2.2. Variable Voltage or Variable Current Transducers 

These elements can be further subdivided into piezoelectric, photo¬ 
electric, thermoelectric, magnetoelectric, electrochemical, electronic and 
radioactive elements. We shall consider only the first two types. 

VIII.2.2.1. Piezoelectric Transducers 

When a pressure is applied to a piezoelectric crystal, a potential difference 
appears across its faces which is proportional to the applied stress. This 
phenomenon occurs with quartz, for example. The electric charge collected 
between the two faces across which the force F acts. 

Q = * 1*1 

in which K is the Curie constant (K = 6*45 x 10 -8 e.s.u.). This property is 
found for example in Rochelle salt and barium titanate. Synthetic crystals 
are more sensitive (1000 times) than quartz, but they have the inconvenience 
of being hygroscopic. 

VIII.2.2.2. Photoelectric Transducers 

An element which is sensitive to light flux —a photodiode or a photo¬ 
transistor, for example —delivers a current which is proportional to the inci¬ 
dent illumination density. Good sensitivity and a rapid response-time can be 
obtained from such a device. 

The photoelectric effect can be used directly to measure such quantities 
as the absorption of a gas, the influence of reflections, the level of a liquid, or 
the solidification of a body. As an example, a diagram showing a photoelectric 
device used for the measurement of pressure is given. 

A very thin, circular elastic diaphragm is mounted under tension as shown 
in Fig. VIII.3. The radius of curvature of the diaphragm is inversely pro¬ 
portional to the applied pressure difference, ( p x — p 2 ). If the surface of the 
diaphragm is reflecting, an incident parallel light beam is reflected as either 
a divergent or a convergent beam, depending on the sign of {p x — p 2 )• A 
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photoelectric cell, relatively close to being a point, will therefore receive a 
variable light intensity. 

Silver foil can be used for the diaphragm and the device can be made linear 
by arranging it in the symmetrical form shown in Fig. VIII.4. 



Pi p 2 

Fra. VIII.3. Measurement of pressure by change in curvature of a diaphragm. 


The response-time depends upon the dimensions of the cavity of the dia¬ 
phragm ; natural frequencies are about 500 c/s. 

The pressure gradient creates variations in the radius of curvature, and 
this is related to the thickness, the tension and the elasticity of the diaphragm. 



Fig. VIII.4. Balanced photoelectric pressure transducer. 
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VIII.2,3. Transducers with Variable Inductance 


This is the kind of transducer found most frequently in telemetry equip¬ 
ment. Its output signal is directly usable. 

Consider a winding with n turns, through which a current I flows; the 
e.m.f. appearing across the terminals of this circuit is 

e = _ n x io-8 v. 
d t 


The flux is related to the current through the inductance L, (<p = LI ), 

4 n N 2 

which is in turn given by L =-x 10“ 9 henries; 3% is the reluctance 

of the magnetic circuit: 


= L 


LI 

fl s 


1 



Fig. VIII.5. Magnetic circuit with variable reluctance. 

/ x 

Consider the arrangement shown in Fig. VIII.5. We have 0t ~ -1-’ 

ps s s 

in which x is the air-gap (rest value, x Q ). /is the mean path length in iron and 
is the area of cross-section. 

If Ifa is negligible in comparison with x, then 


and 


0t~ — 
s 

_ 4 nN 2 S 

X 


The relative changes in inductance and gap-width are related by 

AL Ax 
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and the current flowing in the coil is 



The current is thus modulated by the variations in the inductance. If the 
coil forms part of the tuned circuit of an oscillator, the variation of self¬ 
inductance will be directly retransmitted as a variation of frequency. For 
example, an absolute manometer, built by the SFIM, is shown in Fig. VIII.6. 



Fig. VIII.6. Absolute manometer with variable inductance. 

This manometer measures pressures in the ranges 800 mb, 1300 mb, 2500 mb, 
4000 mb or 10,000 mb. The zero of the device can be set at any one of these 
values. 

The hysteresis error is smaller than 0*5 per cent. For a temperature varia¬ 
tion of —30° to +70°, the error remains less than 2 per cent. It should be 
mentioned that this device is affected by accelerations parallel to the measuring 
axis. 


H 



Fig. VIII.7. The hysteresis phenomenon. 

Generally speaking, the accuracy of a variable-permeability transducer is 
limited by temperature and the effect of acceleration. 

Because of hysteresis phenomena, the current must have attained its 
maximum value at least once before every measurement and, during the 
measurements, it should never exceed the limits I x , I 2 (see Fig. VIII.7). 
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During a temperature cycle, it can be seen that the frequency variation Af 
drifts about the rest value. The maximum frequency departure Af as a 
function of temperature (see Fig. VIII. 8), shows the resulting error. 

AF 



Fig. VIII.8. The relative variation of the oscillation frequency as a function of 

the temperature. 


VIII.2.4. Transducers with Variable Capacitance 


The capacitance of a parallel-plate capacitor is 


C = 


e r S 

4e 


in which S is the surface area of the plates and e is the thickness of the di¬ 
electric (e r ) between them. 

Differentiating C with respect to e gives 


dC = — 


e r S de 
4j x e 2 


Changes in capacity are not linearly related to the distance between the two 
plates. 

To measure a pressure, a capsule composed of two plates, one fixed and the 
other a metallic membrane, can be employed (see Fig. VIII.9). The deformation 
of the membrane is parabolic, and the variation law is 
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C = 


i j^c 0 + Ae j 

H 

i - — + 

(Ae ) 2 

2<? 0 

3eo 

Ae H 

Ael 

~ e o |_2 ' 

3e 0 ] 


To a first approximation 

AC 
C 

If the deformable part of the capsule consists of a circular membrane 
clamped round its circumference, the central deflection of the membrane, 
as a function of the uniformly distributed load p, is equal to 

e = — (1 -r 2 )^~ — 

16 E 8s 3 


in which r is Poisson’s ratio, R the radius, s the thickness of the membrane 
and E Young’s modulus. 



Fig. VII1.9. A capsule with a membrane. 


Thus Ae is proportional to p. If Ae/e 0 is small enough for the second order 

term to be negligible, the relative variation of the capacitance is effectively 

equal to . _ . 

M AC Ae 

_ _ 

Cq 2cq 


and is thus proportional to p. 
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When the capacitor C is inserted into an oscillatory circuit, with LCco 2 = 1 
we have 

AC _ Aco 

C <o 

or 

Aco ~ 1 Ae 
co 0 4 e 0 

To attain a linearity of x per cent in frequency modulation by variation 
of the capacity in an oscillatory circuit, the inequality 

AC 8 x 
C 0 ^ 3 100 

must be satisfied. Thus a compromise can be made between the sensitivity 
of the capsule and the desired linearity. 

Nowadays, technical progress is such that variable capacitance can be ob¬ 
tained by the use of silicon diodes; the “varicaps”, mentioned in the preced¬ 
ing chapter, provide an example of this. The capacity of such a diode varies 
with the bias applied across the junction (which must be biased in the re¬ 
verse sense). These diodes can give variations from 30 to 3 pF for bias vol¬ 
tages continuously varying between 0-2 and 50 V. This results in a variable 
capacitance transducer of extremely small volume. 

VIII.2.5. Transducers Employing Potentiometers 

The mechanical displacement of an object can be transmitted to the wiper 
of a potentiometer; a direct or alternating voltage is thus obtained, which is a 
function of the position of the wiper. 



Fig. VIII. 10. The potentiometer accelerometer J 4201 

Such a device for measuring acceleration is shown in Fig. VIII. 10, the 
SFIM model J 42. The mass M is suspended elastically, and transmits a 
measure of the acceleration to the wiper. The resistance of the potentiometer 
is 1000 Q and there are 250 turns. 








RADIO TELEMETRY EQUIPMENT 


219 


Depending upon the type of accelerometer employed, the range from 
±0-6gto ± 12g(inwhichg is the acceleration due to gravity) can be measured. 
The model J 4201 has a range of measurement of ±0*6g and its sensitivity 
is 0*12g for 100 Q. The e ror in the movement of the wiper is ±0*5 per cent, 
and for a temperature variation of — 30°C to + 70°C it becomes 4 per cent. 



Fig. VIII. 11. Rate gyroscope. 


The natural frequency of such a device is given by the relation / = 13 yjn 
± 0-15 in which n is the total number of g. For the J 4201 accelerometer, for 
example, / = 14 c/s. 

Another interesting example of a transducer is the rate gyroscope. For 
example the I 14 rate gyro of the SFIM, which is used for measuring angular 
velocities is shown in Fig. VIII.ll. The spinner is driven by a D.C. motor 
and its speed regulated by a centrifugal switch. The gyroscopic torque, pro¬ 
portional to input rate, produces a proportional deflection of the restraining 
spring which is in turn transmitted to the wiper of a potentiometer. 


VIII.3. NON-LINEARITY IN TRANSDUCERS (34) 

Let x and y be the magnitudes at the input and output of the transducer; 
between these two signals, a relation y = f{x) exists as shown plotted in 
Fig. VIII. 12. The line (a) represents the ideal curve; the line (< c ) passes through 
the point (%, y M ), which corresponds to the maximum measurement to be 
made; while the line ( b ) is an arbitrary line passing through x 0 . 

The departure from linearity, Ay = g(x ), represents the difference in ordi¬ 
nate between the function y = f(x) and the lines (a) 9 (b) or (c). 

Expanding the function y in series form, gives 


y = ax + bx 2 + cx 3 -f •** 
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so that to a first approximation, 

y = x — kx 2 . 

Let us regard the line (b) as the ideal curve for the transducer, 

yo — x o ~ kxl. 

A point on the line (b) is characterized by 


y' = — x = (x 0 — kx o) — = (1 — kx 0 )x. 



*0 X M 

Fig. VIII. 12. The transducer characteristic. 


The value of the disparity is 

Ay = y — y* = k(x 0 x — x 2 ) 

and this equation provides the non-linearity error. 

We can discuss the value of the disparity in terms of the position of the 
point x 0 . For jc 0 = 0, Ay = —kx 2 . 

The maximum disparity is therefore (A j) max = —kxlf> which means that 
the measurement will depart farthest from the ideal when it is zero at the 
origin. 

Choosing x 0 = x M , the maximum departure due to non-linearity becomes 

(dy) max = 0-5 kx 2 M 


Differentiation of the equation Ay = k{x 0 x — x 2 ) gives 


d(Ax) 

dx 


= A:(x 0 — 2x) 9 
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and the departure is maximum when x = x 0 /2, at which point it is equal to 

\Ay\x=x 0 fi ~ ^kx 0 . 

For x = x M> Ay becomes 

[A y]x=xM = k(x 0 x M - xh). 


Selecting x 0 in such a way that 

[Ay] x = xM = - [Ay] x=iXo 

we find x 0 = (^/3 — l)x M = 0-732x M , and in this case the departure be- 
comes 

Ay — A:(0*732x M x — x 2 ). 

This has a maximum when x = x M , equal to 

t(^J’)max]*=x Af = -0-368 kxl. 

If the reference point is selected in such a way that the shaded areas A x 
and A 2 of Fig. VIII. 12 are equal, we have 


A i — 


k (x 0 x — 


x 2 ) dx = ikx 0 


= k \ 

J*A 


(x 0 x - X 2 ) dx = ikx o + %kxh - $kx 0 xlf. 


Putting A ! equal to A 29 gives x 0 = §x M and substituting this into Ay 
gives 


Ay = A;[0*667x Af x — x 2 ]. 
For x = x M , the departure is a maximum, or 

K^J ; )maxL 1 =i42 “ “ 0*333 kxlf 


and this last is the more useful result. 


VIII.4. THE CONVERTERS 

Examples have been given of how mechanical quantities are transformed 
into electrical quantities by means of transducers. It is necessary to modify 
these electrical signals to make them suitable for radio equipment. 

In certain cases, the transducer gives a quantity which can be used directly: 
variable inductance or capacitance transducers for example. These are then 
inserted into an oscillatory circuit. This is not always the case, however, and 
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sometimes a variation in a voltage, for example, has to be changed into a 
related variation of frequency; again, for transmission in coded modulation 
the voltage may have to be passed through an analogue-digital converter 
(this subject is treated in Chapter III — “Information and Coding”). 


VIII.4.1. Direct Use of Variations of Inductance or Capacitance 

To use variations of these quantities directly, it is only necessary to insert 
the transducer into the circuit of an oscillator. 






n 


Variable- 
permeability 
transducer 



Fig. VIII.13. Hartley oscillators. 


Consider the circuit in Fig. VIII.13. The Hartley oscillator oscillates at a 
frequency 


/= 


i 


2 n sjLC 


1 - 


H'R 


1 


1/2 


2 R' a + in' + 1)/? 


J ' 


in which 




p,R c 


q + R c 


r: 


qR c 


Q + R c 


and R = resistance of the inductor L 
q = valve anode slope resistance 
R c = anode load resistance 
p ~ amplification factor of the valve 
C = tuning capacitance. 


The condition for the oscillation to be maintained is 


L_ = R[ 2R' a + (p,' + 1 )R] 2 
C ix\AK + O' + 1 )R] ‘ 
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If the resistance of the coil is very small, and tends towards zero, the fre¬ 
quency of oscillation becomes/ = Xjln^jLC and the condition for oscillation 
vanishes. 

A variation in the permeability modifies the inductance and results in a 
change of the oscillation frequency /. 


VIII.4.2. The Voltage Frequency Converter 

A variable voltage is to be converted into a variable frequency. The general 
arrangement is shown in Fig. VIII.14, and a detailed circuit is given in 
Fig. VIII. 15. 

The common emitter stage 73, introduces a phase change of 21 whereas 
the common collector stages 71 and 73 introduce no phase-change. The result 
is that if the circuit is to maintain oscillation, the feedback network must 
introduce a phase change of n and the loop gain must be made unity by 73. 

By varying the input voltage, the output impedance of the transistor 71 is 
modified, and the oscillation frequency is shifted to ensure a total phase 
change of In, Good linearity is obtained for departures of ±10 per cent 
on either side of the central frequency. 

The same principle can be applied using a multivibrator (see Fig. VIII. 16). 

Consider now the arrangement with feedback shown in Fig. VIII. 17, 
where G = i 2 je l and co 0 = 1/yjLC is the resonant frequency of the LC cir¬ 
cuit. 



Fig. VIII.14. Voltage-variable frequency oscillator loop. 


If the voltage across the resistor R L is e RL , the ratio M is defined by 
M = In addition 



co 

CO Q 


and thus 


V(1 - MR l G - AKGR l ). 








RADIO TELEMETRY EQUIPMENT 


225 


However, 


and 


so that 


akg = r l -C. = ^ 

L Z\ 


1 

QZo ’ 


, _ Z 0 _ VL/C 
L Q Q ’ 


to 

ft >0 





The quality factor Q is large enough for the term lIQ 2 to be negligible, and 
so 

— ^ 7(1 - MR l G). 
co 0 

The variable parameter is M; it may represent for example the potentio¬ 
meter of a transducer. A modified and improved version of the converter 
is shown in Fig. VIII.18. 

The variation of a )/co 0 when M varies from —1 to +1, is shown in Fig. 
VIII.19. 


RRC. 15 
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In this case the value of co/a> 0 is equal to 

^ /r 1 - mrlg i 

&)q V |_1 + 



Fig. VIII. 19. Variation of co/a) 0 as a function of M. 


The optimum value of —- ~ 3 with —- > 20, in which case 

R c Rl "h Rc 

the characteristic (1) of Fig. VIII. 18 is obtained. If R c is too large, the 
char-acteristic becomes that of (2) and if R L is too big, co/co 0 is represented 
by the curve (3). 


VIII.4.3. Commutation of Telemetry Channels 

Data can be switched by mechanical or electronic commutation. 

Suppose it is desired to retransmit three measurements A, B, C, which have 
been provided by three transducers, on the same subcarrier wave; the chan¬ 
nels can be commutated as shown in Fig. VIII.20. 

The mechanical commutator is driven by a motor which successively con¬ 
nects the data from the three transducers to a subcarrier wave oscillator. 

The commutator shown in Fig. VIII.20 has 19 contacts: two of these are 
reserved for synchronization (Nos. 16 and 17), contact 18 provides a zero 
reference for the minimum voltage signal-level, and contact 19 corresponds 
to the maximum voltage which might be met in the course of a measurement. 
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The range of measurement is therefore given by V max -V Q . Of the 
19 contacts, 15 remain available for the three measurements^, B y C. Five 
contacts are hence allotted to each measurement: 
contacts 1, 4, 7, 10, 13 for the measurement of A 
contacts 2, 5, 8, 11, 14 for the measurement of B 
contacts 3, 6, 9, 12, 15 for the measurement of C. 

The resulting sampled signal on a channel is as shown in Fig. VIII.21. 

By means of such a device, the number of telemetry channels can be 
multiplied. Consider the case of an FM/FM telemetry measurement where 
q channels are commutated on each subcarrier wave (see Fig. VIII.22). 

If p subcarrier waves are available, and if each is commutated over q 
transducers, the total number of telemetry channels is n = pq. 




Fig. VIII.21. The sampled signal. 
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This is a most valuable procedure in telemetry equipment, as the band¬ 
width necessary for a measurement is usually of the order of a few cycles; 
measurements of vibration and of acceleration are exceptions. 



Transducers 


Fig. VIII.22. PAM-FM-FM system. 


Gates 



Suppose that each of the measurements in question requires a bandwidth 
of 5 c/s. The sampling frequency will therefore have to be at least ten con¬ 
tacts per second. If three transducers are commutated onto the same sub¬ 
carrier wave, the modulation bandwidth of each will have to be equal to at 
least 15 c/s. 

The use of a mechanical commutator is less attractive when large band- 
widths have to be transmitted, or a large number of channels commutated. 
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The speed at which the commutator can rotate is limited, and the contacts 
wear more rapidly at high speeds. In such cases, it is better to use electronic 
commutation. To do this, the three transducers A , B , and C are connected 
separately to three gates (D U D 2 and £> 3 ).These only give an output when a pulse 
is applied (see Fig. VIII.23). It is arranged that the pulses (1), (2) and (3) are 
staggered in time with respect to one another, and the function of commuta¬ 
tion is thus carried out. 


Synchronization pulses 
| 750 c/s 



Fig. VIII. 24. Electronic multiplexer. 


The devices D l9 D 2 and D z , can take the form of high speed relays such as 
UGON relays, or alternatively, purely electronic units, such as diode gates 
can be used. 

A clock oscillator drives a binary ring-counter which in turn drives diode 
matrices. The diode gates are opened or closed every time a pulse from the 
clock oscillator passes through the counter. 

By way of example, consider the electronic commutator or telemetry sys¬ 
tem multiplexer AN/AKT - 14 (9,84) in Fig. VIII.24. In l/750th of a second 
the 32 channels are sampled, each for l/24,000th of a second. The pulses at a 
frequency of 24 kc/s make the input pulse of the magnetic shift register ad¬ 
vance step by step. At each shift, each of the 32 diode gates provides a pulse 
at the output, the level of which is proportional to the instantaneous value 
sampled. 
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The whole unit, comprising diode gates and magnetic shift register, is 
shown in detail in Fig. VIII.25. 

The pulse at the output from the fourth winding produces a current I in 
each arm of the bridge. This current charges up a bias capacity. When the 
pulses are not present the diodes are cut off until the subsequent pulse causes 
them to conduct again. The forward and backward resistances of the diodes 
are 500 Q. and 100 MO, respectively, in series with the signal. 



Fig. VIII.25. The “gates” and magnetic shift register. 


VIII.4.4. Decommutation at the Receiver 

At the receiver, the channels have to be decommutated: the various data 
have to be separated and fed into the storage device associated with each 
channel which reconstructs the data. To do this, first the synchronization and 
the sampling frequencies are detected; the first can be distinguished since 
at the transmitter the two contacts 16 and 17 of Fig. VIII.20 are short- 
circuited, so that the period associated with this synchronization is twice 
that of each individual contact. By forming saw-teeth from the rising and 
falling edges, the synchronization pulse is detected by limiting and differ¬ 
entiating, as shown in Fig. VIII.26. 

The sampling frequency is obtained by differentiating either the rising or 
the falling edges. 

Thus starting from the synchronization pulses we have a means of distrib¬ 
uting the sampling levels sequentially in parallel form, in order to separate 
the telemetry channels. 

An electronic decommutator with storage is shown diagrammatically in 
Fig. VIII.27, 
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The output from the decommutator is applied to gate circuits which distrib¬ 
ute the appropriate data to each channel. After each gate is a storage unit, 
which may for example be a capacitor with a very slight loss, which plays the 
role of a memory. This memory retains the level of the pulse which has 
just been applied to it until the arrival of the next pulse. In short, the capac¬ 
itor is charged up to the same level as the pulse. 

To decommutate telemetry channels, a disc, identical to the mechanical 
commutator at the transmitter can equally well be used. This decommutator 
is incorporated in a control system in which the error voltage between the 
detected synchronization pulse and the corresponding pulse on the decom¬ 
mutator disc at the receiver is driven to zero. The error voltage modifies the 
speed at which the decommutator rotates, in order to bring the channel de¬ 
coding into synchronization with the coding at the transmitter. 



nr 


Synchronization 

pulse 


Fig. VIII.26. Detection of the synchronization pulse at the receiver. 



Output stores 

Fig. VIII.27. Electronic decommutator with storage. 
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VIII.5. SOME PRACTICAL EXAMPLES 

VIII.5.1. A PDM-FM Telemetry Transmitter 

After commutation, the variations of voltage are transformed into varia¬ 
tions of pulse width; the transmission is carried out by PDM-FM. 

The block diagram is given in Fig. VIII.28. A mechanical commutator 
supplies a synchronization signal, and the information from the transducers 
in sequential form. This information modulates the pulse width of a mono¬ 
stable multivibrator. The PDM modulated pulse drives a reactance valve, 
and provides a PDM-FM wave at the output. After multiplication and ampli- 



Fig. VIII.28. Block diagram of a PDM-FM remote-control transmitter. 


fication, the modulated signal at the aerial is at about 4 watts and a frequency 
of 215 to 235 Mc/s. The speed at which the commutator motor rotates is 
1200 r.p.m. and the number of commutator contacts is 45. 

In Fig.VIII.29, a detailed circuit of the telemetry transmitter is shown. 


VIII.5.2. Description of a PCM-FM Telemetry Device (AN-AKT/IA) 

This telemetry device has 32 channels which are sampled after ampli¬ 
fication. The data is then in PAM form, and the telemetry channels appear in 
sequential form. A coder transforms the amplitudes of the various pulses into 
digital form and these digital pulses modulate a standard FM transmitter. In 
this way a PAM-PCM-FM arrangement is obtained (see the diagram in 
Fig. VIII.30). 

The transducers give electrical signals of the order of 5 mV; the latter are 
sampled and applied to a.c. amplifiers. 

The samples of information are made at a rate of 24,000/sec, and are coded 
into an eight digit binary system. The individual pulses of the code group 
last 4*7 pis, the deviation from the HF carrier wave is ±65kc/s and the 
minimum HF bandwidth is 200 kc/s. 
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The synchronization pulses have a repetition frequency of 750 c/s and are 
distinguished from the rest by a momentary increase in the amplitude of the 
carrier wave. 

The multiplexer is the one that was described in VIII.4.3. The pulses which 
leave the multiplexer are applied to the input of the coder (see Fig. VIII.31). 
The pulses have been lengthened beforehand, to 41-6 jxs (=1/24,000) as this 
corresponds to one whole sample period. 


Transducers 



Fig. VIII.30. Block diagram of complete AN-AKT/14 transmitter. 


We obtain at the output of a series of words containing eight active 
digits together with a “0”. A digit “1” appears as an amplitude of +5 V, 
and a digit “0” as -5V. 

A sample of information is successively compared with the weighted bi¬ 
nary currents provided by the coder. 

If the input signal is smaller than half the total scale, the coder indicates 
“0” and a second comparison, this time with one quarter of the total scale, 
is then made. If the input signal is now higher than this level, the coder in¬ 
dicates the digit “1”. The process continues through the 8 comparison levels 
(see Fig. VIII.32). 

The currents through the weighted current gates take up their true values 
when the point A reaches earth potential. 

The signal current and the weighted current at the output of the decoder 
are added together at the amplifier input by the resistor R. 

The error amplifier detects a signal which may be positive, negative or 
zero; if it is negative or zero, the “AND” gate is not effected and the flip- 
flop does not give a digit. When the “AND” gate receives a positive signal, 
however, the flip-flop is triggered and gives the digit “1”. 
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Fig. VIII.31. The AN-AKT/14 coder. 



Fig. VIII.32. Comparison circuit. 
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With each timing pulse, the ring counter makes the control gates advance 
by one digit, and a memory circuit retains the preceding digits throughout 
the sequence. The signal current and the decoder current are thus compared 
sequentially. At the end of each sequence, a counter pulse resets the circuits 
to ‘‘0” and the whole procedure begins again for the following sample. 



Fig. VIII.33. Block diagram of complete UKR 7 receiver. 


The UKR-7 receiver is shown in Fig. VIII.33. A 216 kc/s oscillator 
(216 kc/s = 9 x 24 kc/s) provides 750 c/s after division; it is controlled by 
the frequency difference between the oscillator and the synchronization 
detector. When a frequency error is detected, a voltage is produced which is 
applied to a reactance valve in the oscillator circuit. 

The various multiplex channels are detected in series, and a series-parallel 
converter redistributes the telemetry channels into parallel form. The signals 
from each channel appear in digital form, and a digital-analogue converter 
reconstitutes the data in its original analogue form. 


VIII.5.3. AJAX , an Example of an FM-PM Telemetry Device 

The AJAX telemetry device consists of an FM-PM multiplex unit. The 
data supplied by the detectors are applied to transducers which provide fre¬ 
quency-modulated sub-carriers. This mixture of sub-carriers is applied to a 
carrier modulator. Each sub-carrier can be modulated directly by the signal 
from a detector, or by the output signal from a commutator; the latter 
enables a greater number of channels to be explored (PAM-FM-PM trans¬ 
mission). 

With AJAX, sixteen sub-carriers can be transmitted simultaneously, which 
correspond to the fifteen channels of a standard IRIG; the sixteenth channel 
which has a nominal frequency of 125 kc/s is peculiar to the AJAX system. 
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The modulation factors of the sub-carriers are usually 7-5 per cent. The 
carrier frequency lies in the 250 Mc/s range. A transmitter of the AJAX 
variety is shown schematically in Fig. VIII.34. 

The instruments on board which have been specially adapted for missiles 
are miniaturized; they comprise the following units: 

detectors; 

oscillators coupled to the detectors; 
potential transducers; 

amplifiers which provide insulation and adaptation; 
a mixer amplifier which provides the multiplex signal; 
a HF emitter which is phase-modulated by the multiplex signal. 

The receiving equipment consists of: 

aerials followed by pre-amplifiers. Multicouplers can be used if necessary, 
to allow several VHF receivers to be coupled to a single aerial; 
a demodulation unit, which reconverts the signals into LF at the output; 
a checking and simulation unit, which controls the whole system. 


Detectors 


Oscillators or 
transducers 


Qfl 



□j- 


i 

i 



i 


Amplifier 

-mixer 


Oscillator 




Modulator! 


HF 
transmitter!" 


Fig. VIII.34. The transmission system of the AJAX telemetry device. 


The receiver and the demodulation unit consist of the VHF receiver to¬ 
gether with the necessary components for separating and demodulating the 
twelve telemetry channels. 

It is possible to record the multiplex signal on magnetic tape. The whole 
system is illustrated schematically in Fig. VIII.35. 

The field which is received at the aerial is separated into two vectors, which 
correspond to fields circularly-polarized clockwise and anti-clockwise. The 
two HF channels are amplified separately and combined. The ensuing signal 
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is applied to a demodulator which reproduces the signals in the modulated 
sub-carriers. These output signals can be used directly using analogue tech¬ 
niques; alternatively, they can be recorded, or once the transmitted signal has 
been commutated, the output signal can be extracted to furnish the original 
message. In this final situation, the decommutation unit detects the PAM, 


Clockwise polarization 



Anti-clockwise polarization 

Fig. VIII.35. The layout of an AJAX receiver. 


the sub-carriers 


PDM or PCM synchronization signals and performs the decommutation, 
that is, performs a series-parallel transformation of the selected measure¬ 
ment channels. 


VIII.6. RECOVERY OF THE DATA 

After detecting and filtering the subcarrier waves, the LF channels are ex¬ 
tracted either by further detection or by discrimination; in the case when they 
are simply transposed, these channels can then be reconstituted by filtering. 

When the LF channels have been distributed by sampling, the decommuta¬ 
tor at the receiver provides the data from the channels in parallel form. 

Once the telemetry channels have been detected, the data contained in each 
is recorded. 


VIII.6.1. Recording Devices 

As soon as the data have been reconstituted in the form of a voltage, they is 
fed into a recording device. This may use a pen and ink, in which case the 
recording is made on paper, or it may alternatively be made upon photo¬ 
graphic paper (see Fig. VIII.36). This type of recorder employs a galvano¬ 
meter movement incorporating a mirror. A time-counter allows the time 
scale to be calibrated as the film unwinds. 

As an example, consider a typical SFIM recorder. The photographic paper 
is wound onto a reel by a motor which is speed-controlled by a thyratron. A 




RADIO TELEMETRY EQUIPMENT 


239 


wide range of speeds, between 3 mm/sec and 3 m/sec is available. The device 
is so arranged that the recorder can be controlled from a distance. The 
variation between the speeds of rotation when fully loaded and empty is 
3 per cent. The speed is not affected by a variation of ± 1 per cent in the mains 
voltage. 

A maximum of 25 channels can be recorded. The fineness of the recorded 
spot is a function of its brightness and the writing speed. For a 15,000 c/s 
recording, with a winding speed of 2 m/sec, the line is — mm wide. 



v A\ Motion of mirror 

4/3 


/ 



Galvanometer 

movement 


Fig. VIII.36. Photographic recording. 


VIII.6.2. Magnetic Recording 

This procedure is being used more and more. It is possible to record fre¬ 
quencies higher than 100 kc/s with little distortion under ordinary conditions. 
In special cases, even higher frequencies can be recorded on magnetic tape. 
This system is particularly well adapted for use with digital data; it is only 
necessary to record the subcarrier frequencies directly, and the information 
in the various channels is reconstructed automatically by means of a calculat¬ 
ing machine. By doing this, problems of interpretation posed by recordings 
made on paper (numerous lines recorded) are avoided. 

One drawback of magnetic recorders is flutter; this phenomenon can intro¬ 
duce errors of some 6 or 7 per cent into the measurements. 

The signal to be recorded may be direct or alternating, and its frequency 
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low or high, and at a low level; it may also consist of transient phenomena. 
Magnetic tape has the attraction of possessing flexibility in recording. 

There are three main recording methods: direct, with frequency modulation 
and with carrier erasure. 



Output 


Fig. VI II.37. FM recording device, using magnetic tape. 


In direct recording, the signal is amplified to the required level, and mixed 
with a relatively high frequency; the resulting signal is applied to the re¬ 
cording head. In this way, frequencies between 50 c/s and 250 kc/s can be 
recorded. The signal-to-noise ratio is 35 db for 1 per cent distortion of the 
third harmonic; for 3 per cent distortion, the signal-to-noise ratio becomes 
40 db. 



The direct recording process is limited by the amplitude variation caused 
primarily by non-uniformity of the magnetic material. It does, however, 
enable a relatively wide frequency band to be covered, and it is now possible 
to record frequencies of the order of a megacycle in special cases. With fre¬ 
quency modulation recording, the problem of amplitude variation is avoided 
and the lower limit of the recording is extended to d.c. A fixed carrier wave 
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which is modulated in frequency by the signal is used. A diagram of the de¬ 
vice is given in Fig. VIII.37. 

This arrangement is particularly suitable for recording FM-FM multi¬ 
plex signals; it has the advantage of responding to very low frequencies (a 
steady quantity can be recorded), and time expansion of the signal can be 
obtained which is favourable to the signal-to-noise ratio. 

Recording with carrier-wave erasure is used in miniature recorders, where 
the electronic equipment has to be kept down to a minimum. The method 
results in a form of AM signal. A carrier wave is recorded beforehand onto 
the tape, and the useful signal erases this carrier by an amount proportional 
to its amplitude (see Fig. VIII.38). 

The data is recovered by rectifying and filtering the output voltage. 

In this way the input signal can be recorded at one speed and reconstructed 
at another (for example recopied on a pen-recorder). Further the timing 
signal is obtained at the same time. 

Six speeds are usually available: 4*76, 9*52,19*05, 38*1, 76*2 and 152 cm/s; 
the choice depends upon the frequency of the signal to be recorded. 

The tape width is 25*4 mm. About 14 tracks can be used with this width. 

Apart from the standard applications of magnetic recorders, miniature 
recorders should be mentioned, such as the MTR 1200 made by the Leach 
company-which can store data during flight aboard a missile, and this data 
can subsequently be reconstructed by the remote-control of a telemetry device. 
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CHAPTER IX 


CONCLUSION 


Remote-control and telemetry have many points in common, as we have 
seen in the first six chapters, and devices particularly associated with one and 
the other have been studied separately in the last two chapters. 

Every effort has been made not to go beyond the limits laid down and de¬ 
fined by the title of the book. We have by no means exhausted the field of 
telemetry and remote-control, either as regards missiles or in the more general 
framework of interplanetary communications. These systems may also find 
applications in automation and cybernetics, and the use of radar techniques 
in connection with measurement opens up a very large field. 

It is, for example, possible to measure an altitude by means of a radar de¬ 
vice known as a radio-altimeter or altimeter probe. Data concerning the 
altitude can be retransmitted by telemetry, but with some types of equip¬ 
ment the altitude can be received directly on the ground, without the use of a 
supplementary telemetry device. 

These techniques have been employed ever since the last war, both with 
pulse and frequency modulation. The altimeter probe with frequency mo¬ 
dulation seems to be more flexible, especially where flight at low altitude is 
concerned. It is possible to link the controls of the missile to the altitude 
measurement provided by the probe in such a way that the missile can be 
flown at a constant altitude. This is equivalent to using a telemetry device 
for guiding the missile; it is an interesting example of a combination of re¬ 
mote-control and telemetry. 

This automatic control procedure has been further developed by different 
techniques; it is related to the various control systems. 

Another application of telemetry by means of radar concerns measure¬ 
ment of the distance between a missile and its target, either by an active or 
passive method. In the latter, the measurement is carried out only at the 
target, and there is no responder aboard the missile. Such measurements as 
these call for Dopller radar, or frequency-modulation radar. The data about 
the distance still to be traversed are retransmitted to the ground either by tele¬ 
metry or directly. 

This distance measurement may also control the detonation of the missile, 
resulting in a device known as a minimum distance firing indicator. 

There is an ever-growing tendency to group telemetry, remote-control and 
position-finding into one single unit. 
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The identification transmitter Lirna of Nord-Aviation, for example, not 
only allows us to track a target aircraft from a fixed station, but also to ob¬ 
tain the altitude and the speed of the missile through two telemetry channels 
in the responder which is on board. 

The Telebit system, which was used by the United States in the inter¬ 
planetary rocket Explorer VI contains two sub-units, for telemetry and 
remote-control, which are connected to the same aerial through a duplexer. 

It should be mentioned also that television pictures can be transmitted by 
telemetry. 

Reconnaissance missiles form a large topic on their own; instantaneous 
exposures, made over some region, can be stored in memories and retrans¬ 
mitted at will by telemetry; the timing of the operations is directed either by 
a programme or by remote-control. 

We can envisage how remote-control and telemetry might find applications 
in the wider sphere of automatic control and measurement. 

Today, many industries are turning towards automation, not only for 
automatic measurement at check points during manufacture but also for 
fuily-automatic production lines. Telemetry and remote-control play a pre¬ 
dominant role in this. 

While undoubtedly automation in factories has so far only affected a re¬ 
latively limited area, and radio links are of little importance, it is by no 
means unthinkable that, in the more or less remote future, automation will 
develop in factories in such a way that for each type of industry, a standard 
installation will be produced. 

It is clear that coordination between similar factories, or factories de¬ 
pendent upon one another, must exist: this connection represents the exis¬ 
tence of a programme, of a general plan. From this point of view, a radio 
link has undisputed advantages. 

To come closer to present day reality, it is easy to envisage the value of 
coordination by means of radio remote-control and telemetry where an 
automatic factory is concerned. With their aid, we can deal more flexibly 
with the installation, and the machinery can be distributed according to the 
amount of work it has to do. 

Remote-control and telemetry equipment has, therefore, a considerable 
role to play in industry. 

The production of missiles and spacecraft is no longer speculative, but 
forms, rather, an avant-garde industry. 

Automation, too, is going to revolutionize present day techniques, and I 
believe that telemetry and remote-control must fill an important place in that 
they form particular elements in the overall system. There is, moreover, a 
resemblance between the guidance sequence of a missile and the transfer se¬ 
quence in automation; the nature of the programme alone differs; informa¬ 
tion theory, optimization by filtering, the stability of the feedback loops and 
the energy sources are all basic features. 
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Other examples of future applications of telemetry and remote-control 
devices are the automation of radio multiplex systems or telephone connec¬ 
tions, distant signalling in large-scale production plants, the distribution and 
employment of energy, and the remcte-control or self-control of atomic re¬ 
gulators. Further perspectives are opened up by micro-miniaturization of the 
equipment, in medical research in particular; telemetry transmitters in the 
form of pills already exist in the United States. 



APPENDIX 


STANDARDS FOR TELEMETRY 

(Document I.R.I.G. No. 103-56, Oct. 1956) 


The committee of the “Department of Defense Board on Guided Missile 
Research and Development”, has standardized telemetry frequencies in the 
United States. In this appendix we reproduce the frequency values which 
have been adopted in the United States, in the hope that this standardization 
may become more general. 

RF frequencies . Two frequency bands have been allocated to telemetry: 

216 </< 235 Mc/s 
and 

2200 </< 2300 Mc/s. 

The use of FM-FM and FM-PM telemetry without channel commutation. 
A maximum of 18 subcarriers are used, the characteristics of which are 
collected together in the following table: 


Table A.l 


Band 

number 

Central 

frequency 

(c/s) 

Lower 

limit 

Upper 

limit 

Maximum 

deviation 

(%) 

Frequency 

response 

(c/s) 

1 

400 

370 

430 

±7-5 

6 

2 

560 

518 

602 

— 

8-4 

3 

730 

675 

785 

— 

11 

4 

960 

888 

1032 

— 

14 

5 

1300 

1202 

1398 

— 

20 

6 

1700 

1572 

1828 

— 

25 

7 

2300 

2127 

2473 

— 

35 

8 

3000 

2775 

3225 


45 

9 

3900 

3607 

4193 

— 

59 

10 

5400 

4995 

5805 

— 

81 

11 

7350 

6799 

7901 

— 

110 

12 

10,500 

9712 

11,288 

— 

160 

13 

14,500 

13,412 

15,588 

— 

220 

14 

22,000 

20,350 

23,650 

— 

330 

15 

30,000 

27,750 

32,250 

— 

450 

16 

40,000 

37,000 

43,000 

— 

600 

17 

52,500 

48,560 

56,440 

— 

790 


245 
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Table A.l (contd.) 


Band 

number 

Central 

frequency 

(c/s) 

Lower 

limit 

Upper 

limit 

Maximum 

deviation 

(%> 

Frequency 

response 

(c/s) 

18 

70,000 

64,750 

75,250 

_ 

! 

1050 

A 

22,000 

18,700 

25,800 

±15 

660 

B 

30,000 

25,500 

34,500 

— 

i 900 

C 

40,000 

34,000 

46,000 

— 

1200 

D 

52,500 

44,620 

60,380 

— 

1600 

E 

70,000 

59,500 

80,500 

— 

2100 


For a maximum of only 14 channels, channels 2 to 15 are used. 

If we use the band we omit the bands 

A 15 and B 

B 14, 16, A and C 

C 15, 17, B and D 

D 16, 18, C and E 

E 17 and D. 

The frequencies must be accurate to within an error of \ per cent. 

It is interesting to notice that the document recommends de-emphasis 
greater than 9 db per octave. 

Commutation of the channels . Commutation may be employed on one or 
several of the subcarrier waves. The commutation speed on each subcarrier 
is limited to a certain value (see Table A.2). 

Conservative value . This is the value of the sampling time, chosen to be of 
such a length that the reading error during the second half of the sampling— 
due to transient effects when commutation occurs—does not exceed \ per 
cent of the quiescent value. These values are applicable when the recording 
equipment is limited by a low-pass filter, the cut-off frequency of which is 
equal to the frequency response specified in Table A.L 

The “minimum value ” of the sampling time is one quarter of the “con¬ 
servative” value. These values should be applied only for fast sampling 
speeds and only when the low-pass filters (for deviation ratios of 5) have 
been replaced by elements which have cut-off frequencies equal to four 
times the recommended frequency response. 

Decommutation of the channels . The total number of samples per turn (the 
number of contacts on the mechanical commutator) is given in Table A.3. 

— The commutation diagram is given opposite in Fig. A.L 

— The synchronization pulse is equal to twice the period of contac plus a 
cutoff period on each sequence. 

— The speed of the commutator (or of the sequence) should not vary by 
more than +5 to —15 per cent of the nominal value given in Table A.3. 
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Table A.2 


Band 

number 

Central 

frepuency 

(c/s) 

Sampling time 
(msec) 

Commutation speed 
(samples/sec) 

Conservative 

value 

Minimum 

value 

Conservative 

value 

Maximum 

value 

1 

400 

670*0 

170 

1*5 

6 

2 

560 

480 

120 

2*1 

8*4 

3 

730 

370 

91 

2-7 

11 

4 

960 

280 

70 

3*6 

14 

5 

1300 

210 

51 

4*9 

20 

6 

1700 

160 

39 

6*4 

25 

7 

2300 

120 

29 

8*6 

35 

8 

3000 

89 

22 

11 

45 

9 

3900 

68 

17 

15 

59 

10 

5400 

49 

12 

20 

81 

11 

7350 

36 

9*1 

28 

110 

12 

10,500 

25 

6*4 

39 

160 

13 

14,500 

18 

4*6 

55 

220 

14 

22,000 

12 

3 

83 

330 

15 

30,000 

8-9 

2*2 

110 

450 

16 

40,000 

6-7 

1*7 

150 

600 

17 

52,500 

5-1 

1*3 

200 

790 

18 

70,000 

3*8 

0*95 

260 

1050 

A 

22,000 

6.1 

1*5 

170 

660 

B 

30,000 

44 

M 

230 

900 

C 

40,000 

3.3 

0*83 

300 

1200 

D 

52,500 

2-5 

0*63 

390 

1600 

E 

70,000 

1-9 

0*48 

530 

2100 



Fro. A.l 
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Table A.3 


Number of 
samples per 
sequence 

Sequential speed 
(number of sequences 
per second) 

Commutation speed 
(number of samples 
per second) 

Minimum bandwidths 
for the recommended 
subcarrier waves 

18 

5 

90 

14,500 c/s 

18 

10 

180 

22,000 ±15% or 
30,000 ± 1 % 

18 

25 

450 

30,000 ± 15% or 
70,000 ± 7% 

30 

2-5 

75 

10,500 

30 

5 

150 

22,000 ± 7-5% 

30 

10 

300 

22,000+ 15% or 
40,000 ± 7% 

30 

20 

600 

40,000 ± 15% 

30 

30 

900 

70,000 ± 15% 


— If coincidence gating is employed on the aircraft, the length of each in¬ 
formation pulse lies between 47 and 53 per cent of the period of the 
channel, and should be stable to within ±\ per cent of the nominal period 
of the channel. It should be noted that the stability of the duration of the 
information pulse will affect the accuracy. 

— When there is no coincidence on the aircraft, it must be produced on the 
ground, and the ratio of the length of the information pulse to the channel 
period must lie between 60 and 75 per cent. 

Radio frequency . From 216 Mc/s to 235 Mc/s 

— band occupied by a telemetry signal: 0-5 Mc/s 

— RF stability: ±0*01 per cent 

— frequency deviation: ±75 kc/s < Af < 125 kc/s 

— power: 100 W maximum, but this depends upon the threshold distance. 

The PDM-FM telemetry standard . This arrangement is used for a great 
many channels, with a frequency response which is, however, lower than 
FM-FM channels. 

PDM specification 

— number of samples per sequence : 30 45 60 90 

— sequential speed (seq/sec) : 30 20 15 10 

— commutation speed (samples/sec) : 900 900 900 900 

— the relation between the amplitude and the pulse duration must be linear. 

— minimum pulse duration : 90 + 30 [/.sec 

(zero level information) 

— maximum pulse duration : 700 + 50 (/.sec 

(maximum level information) 
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— rise-time and fall-time 

(measured between 10 and 90 per 
cent of the levels) 


10 to 20 (xsec 

constant to within ± 3 [xsec for a 
given transmitter 


— commutator speed : +5 to —15 per cent of the nominal 

value. 

Figure A.l shows the diagram for PDM commutation. 

Specification for the Carrier Wave 

— RF frequency: 216 < / < 235 Mc/s 

— bandwidth occupied: 0*2 Mc/s 

— stability: ±0*01 per cent 

— modulation: FM(PDM-FM) 

— frequency deviation: ±25 kc/s < Af < ±45 kc/s 

— maximum power: 100 W 

— power of the harmonics: to —60 db of the fundamental. 

Standards for PCM Telemetry (IRIG No . 102-59) 

Definitions 

— synchronization : the beginning of a sequence is indicated by a chosen 
code word 

— subcommutation : the process whereby two or more multiplex systems are 
placed in cascade 

— supercommutation: the use of several channels for a measurement in a 
system with time division 

— sequence : a recurrent number of words, comprising a single synchro¬ 
nization signal 

— speed of the sequence: the frequency derived from the period of the se¬ 
quence 

— parity check: a code automatically checks the total number of ‘T’(or of 
“0”) which is always odd or even 

— word: ordered collection of bits 

— word speed: the frequency derived from the period between the begin¬ 
ning of the transmission of a word and the beginning of the transmis¬ 
sion of the following word. 

The transmission is carried out in the binary system. 

Information Rate as a Function of the RF Bandwidth at 3 db 


bits/sec 

c/s 

50,000 ±10% 

75,000 

100,000 ±10% 

150,000 

200,000 ±10% 

300,000 

400,000 ±10% 

600,000 

800,000 ±10% 

1,200,000 


The RF bandwidth at the receiver equals 1*5 times the information rate. 
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Word Structure 

— a word will consist of at most 15 bits 

— the number of bits/word will be constant during a continuous transmis¬ 
sion 

— the bits will be transmitted in order of decreasing importance 

— a bit for checking the parity will be included in each word, and will be 
such that the sum of all the “1” in a word is odd 

— words per sequence: the number of words per sequence will not exceed 
130 

— words per second (word speed): the total number of words per second, 
including all the words used for the synchronization, will not exceed 
60,000. 

Modulation of the RF Carrier Wave — FM or PM 

(a) — recommended method: a digit “1” is represented by a deviation of the 

RF carrier wave in the direction of higher frequecnies, and a “0” by a 
deviation of the RF carrier wave in the direction of the lower fre¬ 
quencies 

(b) -a possible method: a digit “1” is represented by the presence of a 

deviation of the RF carrier wave, and a digit “0” by its absence. 
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Development of the copyrighted 
Blue Streak 
Satellite Launcher 

Edited by D. R. Samson 

Department of Mechanical and Aeronaut* 
leal Engineering, Hatfield College of Tech¬ 
nology, Hertfordshire. 

This book contains the details of (he papers 
read at ihe second Space Engineering Sym¬ 
posium organized by the Department of 
Mechanical and Aeronautical Engineering 
at Hatfield College of Technology, Hert¬ 
fordshire* 

The hook comprises six papers.. The sub¬ 
jects covered include: performance; auto¬ 
pilot design; instrumentation; structural 
design; engine and propellant systems and 
the development of a launching site. It is 
to be noted that the statements and views 
contained here are those of the authors 
only, and should not be taken as the official 
views of the Ministry of Aviation or the 
European Launcher Development Organi¬ 
zation. 

because of the extent to which work on 
the subject of satellites has been carried 
out in the United States of America and 
the Soviet Union, it is not always appreci¬ 
ated that Britain too, has been engaged in 
considerable research and has amassed a 
notable amount of knowledge about design 
anrl construction techniques* This book will 
provide a greater understanding of the 
contribution wliich Britain has made, and 
is making, to the important subject of spate 
research. 

International Series of Monographs in 
Aeronautics and Astronautics, Symposia 
Division: Volume Ifi 

' 11 While of first interest to the specialist^ the 
average technical layman will find plenty to under- 
stand, A very good reference for military en- 
gingers.” 

Royal Engineers Journal. 
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Pergamon Press 

Headington Hill Hall, Oxford 
44-01 21st Street, Long Island City, 

New York 1110L. 

4 & 5 l’itzroy Square, Loudon W1 
2 St. 3 Teviot Place, Edinburgh 1 
t> Adelaide Street East, Toronto 
24 rue dcs Ecoles, Paris be 
Vfoweg & Sohn GmbH, Burgplatz 1, 
Braunschweig, F.D.R* 


^taeaFiig ht of 
Uncontrolled Rockets 

F, ft. Gantmaker and 
L, M» Levin 


A systematic course on the external bal¬ 
listics of uncontrolled rockets, with con- 
si deradon also given to the trajectory of 
shells, is presented in this volume. Em¬ 
phasis is placed on the powered section of 
the trajectory, since conventional artillery 
methods are applicable to the remainder 
of the flight, and. particular attention is 
paid to the treatment of rocket dispersion. 
The basic trajectory is calculated by treat¬ 
ing the rocket as a particle subject to 
thrust, gravity and aerodynamic forces; 
the question of dispersion Is then treated by 
considering the perturbations about the 
basic trajectory due to thrust malalign¬ 
ment, wind and other forces* 

Finned non-rotated, finned rotated, and 
spin-stabilized rockets arc dealt with in 
detail and attention is given to the special 
case of anti-tank rockets (short range finned 
rockets), 

Russian methods differ in some respects 
from those used in the West, and for this 
reason a chapter on British and American 
work has been added by Mr. E. T+ J. 
Davies which compares the methods and 
presents some additional results, while the 
first chapter has been completely revised 
and rewritten by Dr, A, J„ Sarnecki, in 
order to make it specifically suitable for 
Western scientists. 

The book forms a valuable first course in 
the subject, as it gives a very clear delinea¬ 
tion of the fundamental principles in¬ 
volved. It should be on the shelves of 
libraries in universities, research establish¬ 
ments and industries in this important and 
specialized field. 

International Series of Monographs in 
Aeronautics and Astronautics, Division VII 
Astronautics, Volume S 


£5 wtf$ 15,00 

* * the hook aan be recommended as a sound 
introductory text . * , the general layout of the 
text maintains the usual high standards of the 
Pergamon Press and the price is reasonable." 
Spaceflight. 
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